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ABSTRACT 
Wheat is critical for human consumption in many parts of the world and is the third 
largest cereal in global production. Wheat is received and traded on the basis of grain 
hardness and falling number. In wheat breeding programs, breeders are continuously 
striving to develop wheat varieties that can satisfy the demands from farmers to food 
manufacturers and consumers. Gluten proteins and quality attributes have been 
intensively studied. In the last two decades, the importance of soluble proteins and 
their roles in quality attributes have been recognised. The amylases, which are a major 
group of proteins found in the soluble fraction of the grain, are important during grain 
development and dough processing. Currently, the phenomenon of late maturity -
amylase (LMA) is a great concern for the Australian grain industry because it leads to 
lowering of grain quality. Another problem for the industry is the growing numbers of 
reports of sensitivity or intolerance to wheat-based food products. People are 
increasing aware and health-conscious about their food intake and, with promotion of 
this issue in the media, consumers are demanding alternative food products such as 
bread made from spelt, rye or sourdough. For some individuals, spelt-based breads 
may offer specific nutritional values and health benefits compared to those of common 
wheat-based products.  
One of the aims of this thesis was to build a database based on the soluble 
proteins (albumins and globulins) of wheat and wheat-related species. Using native 
and SDS PAGE, protein polymorphisms for the soluble proteome of 196 species were 
investigated. Polymorphisms specifically for - and -amylases in Australian wheat 
varieties were then identified. The grain hardness specification of the selected 
Australian wheat varieties was confirmed by PCR typing of the puroindoline genes. 
One of the puroindoline allele combinations previously unknown among Australian 
wheats, Pina-D1b/Pinb-D1b, was found in cv. Sunzell. An improved nomenclature for 
- and -amylases based on in-gel activity staining of isoelectric focusing (IEF) gels 
was developed. The -amylases in the Australian wheat varieties were categorised into 
three classes: low pI (4.6-5.4), intermediate pI (5.9-6.0) and high pI (6.3-7.8). Bands 
11, 12 and 13 (pI 6.6-6.9) were found in the LMA wheat variety Spica under normal 
grain-filling conditions, whereas low-temperature treatment during grain filling lead to 
induction of the high-pI -amylases 10-18 (pI range 6.3-8.1) in both Spica and the 
LMA-prone variety Kennedy. From clustering and statistical analysis, high pI -
amylases were found to be important contributors to the grouping of wheat varieties 
and to allow separation of soft and hard wheats.  
Another aim of this thesis was to determine the prevalence of wheat sensitivity in a 
randomly selected Australian human population, It was found that 2.5% of individuals 
ix 
 
were allergic to wheat-based products and 12.7% might suffer from other wheat-related 
problems. In an immune response comparison, the reactivity of human IgE against 
antigens of spelt (GWF Spelt 1) was lower than that for the wheat allergens. Within the 
globulin subproteome, spelt was found to be very different to wheat. While these 
findings provide some evidence to support the health benefits of this spelt line, only a 
clinical trial would address this issue definitively. 
The soluble protein database developed in this thesis should be useful for 
determining relationships between wheat varieties or genome contributors. The 
separation of varieties into distinct clusters along ploidy lines demonstrated a close 
relationship between banding patterns and their respective A-, B- and D-genomes. The 
database should also be used to examine the relationships between bread wheat and 
spelt varieties based on their soluble subproteomes. The various methodologies 
utilised in this thesis for the analysis of soluble proteins, together with the applications 
demonstrated, represent a valuable resource for wheat breeders and consumers. 
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Literature Review 
1.1 Introduction 
Wheat is one of the most important sources of nutrition for mankind and is the 
third largest cereal in the world grain production after maize and rice. Globally, up to 
679 million tonnes of wheat were consumed in 2012 (Figure 1.1).  In Australia, 6-7 
million tonnes of wheat were used for human consumption (IndexMundi, 2014) and 
about 23 million tonnes were exported in 2012-2013 (Australian Government 
Department of Agriculture, 2013). 
 
 
Figure 1.1: World trade forecast production and consumption of wheat in 2011 
(International Grains Council, 2011; http://www.igc.int). 
A wide range of wheat types – bread, durum, noodle wheat and wheat-related 
cereals are grown in different parts of the world to meet human consumption 
requirements. Wheat-based food products such as breads, pastas, noodles, 
cookies, biscuits, and couscous are made from flour of wheat varieties that differ in 
certain characteristics.  For instance, bread is baked using flour of hard wheat 
varieties, while cookies, biscuits and white udon noodles are produced from soft 
wheat varieties (Lagudah et al., 2000).   
 
Chapter 1 
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1.1.1 Taxonomy of Poaceae 
Agriculture originated in the Middle East where the cereal grasses emmer, 
einkorn and barley have been selectively bred for human consumption since around 
10,000 years before the common era (BCE) (Gupta, 2004).  The transition from 
hunting and gathering of foods to agriculture provided mankind with more control 
over its food supply as well as meeting its nutritional needs.  Agriculture also 
facilitated civilisation in adapting to the economic changes and the consumption 
requirements of larger settlements.   
The Poaceae (formerly known as Gramineae) is a family within the monocot 
lineage of the flowering plants.  Members of this family are usually called grasses.  
The Poaceae is often considered to be the most important of all plant families to 
human economies because it includes the staple food grains and cereal crops 
grown around the world.  The Triticeae tribe, of which wheat is a member, belongs 
to the Pooideae subfamily of the Poaceae. 
Wheat is believed to have been first cultivated in the Middle East where 
carbonised grains dating to as early as 6,750 BCE have been found in Iraq and the 
Mediterranean countries of this region (Stallknecht et al., 1996).  Einkorn, Emmer 
and Spelt are among the earliest cultivated wheats and are commonly referred to 
as ‘ancient wheats’.  Most present-day wheat varieties are hybrids from ancient 
wheats developed over the past 100 to 150 years. 
Wheat (Triticum) has a basic genome of 7 chromosomes (n=7).  It exists in 
diploid (2n = 14 chromosomes), tetraploid (4n = 28 chromosomes) and hexaploid 
(6n = 42 chromosomes) forms.  Modern bread wheat has A, B and D genomes. 
There are more than 20 species belonging to the Triticum genus (Table 1.1) but 
only a small number of species are cultivated for human consumption. 
Einkorn is a diploid (A-genome) wheat and was first domesticated around 7,050 
BCE (Zohary and Hopf, 2000).  Today, einkorn is grown only for livestock feed.  
There are two types of einkorn: wild species and domesticated, where T. boeoticum 
is the wild ancestor of the domesticated T. monococcum (Fueillet et al., 2008).  The 
diploid forms of wheat are progenitors of tetraploid and hexaploid wheat (Figure 
1.2), where T. monococcum and T. urartu were proposed as A-genome donors 
(Waines and Payne, 1987).  Latest evidence suggests T. monococcum to be the A-
genome donor of T. zhukovskyi (Feldman, 2000; Feldman et al., 1995), while T. 
urartu was shown to be the A-genome contributor of all polyploidy wheat (Dvorak et 
al., 1993; Goncharov et al., 2008). 
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Table 1.1: List of diploid, tetraploid and hexaploid Triticum species and their genetic 
genomes (Gooding, 2009).    
 
Diploid (2x - 14 chromosomes) 
Common Name Taxonomy Genome 
Einkorn T. monococcum AbAb 
Wild Einkorn T. boeticum AbAb 
Wild Einkorn T. aegilopoides AmAm 
Wild Einkorn T. urartu AuAu 
  
T. thaoudar AA 
  
T. bicorne BB 
  
T. longissimum BB 
  
T. searsii BB 
  
T. sharonensis BB 
  
T. speltoides BB 
  
T. tauschii DD 
      
Tetraploid (4x - 28 chromosomes) 
Common Name Taxonomy Genome 
Durum/Macaroni Wheat T. durum   AuAuBB 
Emmer T. dicoccon  AuAuBB 
Wild Emmer T. dicoccoides  AuAuBB 
Polish Wheat T. polonicum  AuAuBB 
Khorasan Wheat T. turanicum  AuAuBB 
Poulard/Rivet Wheat T. turgidum  AuAuBB 
Persian Wheat T. carthlicum  AuAuBB 
Timopheevi Wheat T. timopheevi  AuAuGG 
Wild Timopheevi Wheat T. araraticum  AuAuGG 
      
Hexaploid (6x - 42 chromosomes) 
Common Name Taxonomy Genome 
Common Wheat T. aestivum ssp. aestivum  AuAuBBDD 
Club Wheat T. aestivum ssp. compactum  AuAuBBDD 
Macha Wheat T. aestivum ssp. macha  AuAuBBDD 
Vavilovii Wheat T. aestivum ssp. vavilovii  AuAuBBDD 
Shot Wheat T. aestivum ssp. sphaerococcum  AuAuBBDD 
Spelt Wheat T. spelta  AuAuBBDD 
  
T. zhukovskyi 
 AmAmGGDD 
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There has been much controversy about the origin of the B-genome donor.  
Putative ancestral species include T. longissimum, T. sharonensis, T. bicorne (Ciaffi 
et al., 2000), T. speltoides (Dvorak and Zhang, 1990; Riley and Chapman, 1958) 
and T. searsii (Nath et al., 1984).  Genomic analysis of repeated nucleotide 
sequences and gene content indicated T. speltoides (referred to as goat grass Ae. 
speltoides) to be the immediate diploid source or closest to the B-genome 
contributor of polyploid wheat (Akhunov et al., 2005).  Diploid goat grass Ae. 
tauschii (subspecies (ssp.)  squarrosa) is regarded as the D-genome donor 
ancestor of hexaploid wheat (Akhunov et al., 2005; Ciaffi et al., 2000; Dvorak et al., 
1998). 
BB
Wild
Ae. searsii
SS
Wild
Ae. speltoides
AuAuBB
Wild emmer
T. turgidum
subsp. dicoccoides
AuAuGG
Wild emmer
T. timopheevi
subsp. araraticum
AuAu
Wild einkorn
T. urartu
AbAb
Wild einkorn
T. monococcum
subsp. boeoticum
Hulled
Domestic. einkorn
subsp. monococcum
Naked
Domestic. einkorn
subsp. sinskajae
AuAuBB
Hulled
Domestic. emmer
subsp. dicoccum
Naked
Durum subsp. durum
Rivet or cone subsp. turgidum
Persian subsp. carthlicum
Khorasan subsp. turanicum
Polish wheat subsp. polonicum
AuAuGG
Hulled
Domestic. emmer
subsp. timopheevi
DD
Wild
Ae. tauschii
AuAuBBDD
Naked
Common or bread T. aestivum subsp. aestivum
Club wheat subsp. compactum
Indian dwarf or shot subsp. sphaerococcum
Hulled
Spelt  subsp. spelta
Macha subsp. macha
Vavilovii subsp. vavilovii
AbAbGG
AbAbGGDD
Hulled
T. zhukovskyi
 
 
Figure 1.2:  Proposed progenitors and lineages among Triticum species 
(adapted from Gooding, 2009). 
 
The majority of tetraploid wheat species are derived from wild emmer (T. 
dicoccoides).  Grains of wild emmer were found dating back to 17,000 BCE in 
Turkey (Zohary and Hopf, 2000).  Emmer wheat is a hybrid between two diploid 
wild grasses, T. urartu and Ae. searsii or Ae. speltoides (Hancock, 2004).  The wild 
5 
 
(T. dicoccoides) and domesticated (T. dicoccon) emmer are highly similar in 
morphology and genetics (genome AABB).  Emmer wheat was one of the first crops 
to be widely cultivated in the ancient world; it expanded to the mountainous areas of 
Europe and Asia due to its ability to adapt to poor soils and its resistance to fungal 
diseases (Schmidl et al., 2007).  Durum or macaroni wheat (T. turgidum ssp. 
durum) was thought to originate from the southern areas of the Mediterranean; it is 
the only tetraploid species of commercial importance and is widely cultivated today.  
Durum was developed from artificial selection of wild emmer (T. dicoccoides), which 
resulted from the inter-generic hybridisation and polyploidisation between T. urartu 
and Ae. speltoides (Kubalakova et al., 2005). 
Common or bread wheat (T. aestivum L.) is composed of three genomes 
(AABBDD) and arose in a farmer’s field by hybridisation of domesticated emmer or 
durum wheat with wild diploid goat-grass Ae. tauschii (Akhunov et al., 2005; Ciaffi 
et al., 2000; Dvorak et al., 1998).  Other closely related subspecies to common 
wheat are club wheat (T. compactum) and shot wheat (T. sphaerococcum).  Spelt 
wheat (T. spelta) is an ancient hexaploid hybrid of domesticated emmer and Ae. 
tauschii around 8,000 years ago (Armstrong, 2006; Belton and Taylor, 2002).  
Recently this type of wheat has become popular with people who suffer from wheat 
sensitivity and intolerance. 
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1.2 Polymorphisms, Diversity and Their 
Relationships to Quality 
Polymorphisms and diversity of wheat arise from wheat genetic makeup, 
environmental and climatic stresses, as well as through breeding programs.  In 
genetic polymorphism, the genotype determines the phenotypes of the species.  A 
phenotype is any observable characteristic or trait of an organism relating to its 
morphology, development, physiology or biochemistry.  Phenotypes result from the 
expression of an organism’s genes as well as the influence of environmental factors 
and the interactions between the two (Oxford English Dictionary).  However, not all 
organisms with the same genotypes will result in similar phenotypes because they 
are also modified by environmental conditions.  Similarly, not all organisms that look 
alike will necessarily have the same genotypes. 
Diversity, on the other hand, refers to the number and variety of species present 
in an area and their spatial distribution.  Biological diversity or biodiversity is often 
defined as the totality of genes, species and ecosystems of a region.  On the level 
of biodiversity, genetic diversity refers to the total number of genetic characteristics 
in the genetic makeup of a species. Protein polymorphisms and diversity are 
important in the determination of the suitability of a wheat variety for particular 
growing conditions and food (or feed) products.   
Wheat breeding traditionally involved trial-and-error crossing of two superior or 
desirable parental germplasms.  The progenies with desired traits in the target 
environments were then selected for further breeding.  This method is laborious and 
provides little understanding on the physiological basis of the superior variety 
performance.  The need to select the right traits for yield and economic 
performance depends upon the genetic basis of physiological traits.   
In the past few decades, various studies on genetic diversities and protein 
polymorphisms have been collated to generate databases that are informative to 
wheat breeders and cereal chemists.  This information has enabled breeders to 
gain enhanced knowledge and insights into the wheat genome as well as an 
understanding of how genes and pathways control and regulate wheat biochemistry 
and physiology for improvement of wheat breeding programs.   
Modern wheat breeding programs are focussed on the agronomic traits and 
quality attributes of a wheat variety. Traditionally, agronomic attributes in wheat 
breeding include grain yield, test weight, lodging, plant height, time to maturity, 
resistance to disease and environmental stresses.  Grain yield is one of the key 
factors determining the profitability of growing a specific wheat variety.  
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Simultaneously, disease resistance (Lehmensiek et al., 2004; Schnurbusch et al., 
2004) and the ability to adapt to environmental stresses (Foulkes et al., 2004) 
directly affect the crop yield and grain quality.  Subsequent to high yield, the 
suitability of a wheat variety for a food product is significantly dependent upon the 
end-product quality attributes (Bollain et al., 2006; Darlington et al., 2000; Jelica 
and Hylnka, 1971; Kuktaite et al., 2004; Pham et al., 2006; Zghal et al., 2002). 
Until recently, the term 'superior bread-making quality' mostly covered only 
quality attributes such as loaf volume, textural parameters directly related to 
properties of the end-product, and the handling properties of the dough. These 
characteristics are directly related to the balance of dough strength and 
extensibility.  Our knowledge of their relationships to the protein composition of flour 
improved significantly in the last two decades (Wrigley et al., 2006). 
The genetic potential of certain quality traits is manifest through the effects of 
growing conditions where all of the agronomic treatments, soil and climatic 
parameters alter the final quality of the grain. The realisation that both qualitative 
and quantitative aspects of composition are important factors determining bread-
making quality led to strategies to work on gene identity (G) and gene product 
levels simultaneously.  Because the level of gene expression is highly dependent 
on growing conditions, these effects (E) and their interaction with genetic factors (G 
x E) are essential parts of these strategies (Békés, 2012) (Figure 1.3).  
Gene                                 Genome             Genotype
sequencing
mRNA transcript                     Transcript Transcriptome
profiling
transcription
Polymer chemistry
Colloid science
G
E
- Altered chemical composition,
- Altered polymeric structure
Quality attribute
Phenotype
T
Technology,
Formulation
Interacting
components
Protein Protein quantification                    Proteome 
and function
deposition
Protein
biosynthesis 
Growing conditions,
Agronomy
polymers 
Size distribution of 
 
Figure 1.3: The dependence of quality attribute of genetic (G), environmental (E) 
and technological (T) factors (Békés, 2012). 
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Knowledge of structure/function relationships of wheat flour dough derived from 
both the genes and gene products have been investigated at a large scale on 
genetically well-defined sample populations (Cavanagh et al., 2008; Kammholz et 
al., 2001).  On a gene level, using quantitative trait locus (QTL) analysis 
methodologies, the overall aim is the discovery of genes related to quality traits 
(Appels et al., 2000; Appels et al., 2001).  On a gene product level, sophisticated 
analytical and statistical procedures are applied to characterise both the qualitative 
and quantitative aspects of chemical composition of wheat and to utilise these data 
to define their relationships to quality parameters (Cornish et al., 2001a; Cornish et 
al., 2001b). 
With this new level of knowledge of the traditionally considered quality attributes, 
however, several new aspects of 'quality' became more important and required 
deeper understanding of wheat genetics, as well as the composition of the wheat 
flour.  Traits directly related to the economics of production, such as the milling yield 
and the amount of water and energy required to reach a dough with optimal 
consistency, became significantly more important. 
Consistency of the source material is the key issue in the grain industry to be 
able to run their mostly automatic large-scale technologies (Uthayakumaran and 
Wrigley, 2010). Everyday solutions to satisfy the industry’s needs created an 
increasing conflicting situation in applied cereal science.  Because of the variation 
of the properties of wheat grain harvested in different plots, consistency of the grain 
to be milled and consistency of the flour to be baked can only be achieved if grains 
with different attributes are mixed (gristing) or flours with different attributes are 
mixed (blending) (Miskelly et al., 2010).  So, while quality-related research in 
breeding deals with single germplasms, blends are utilised in the bakery. The 
problem here is that dough properties, such as dough strength and extensibility, are 
not simply additive characteristics; they usually show non-linear relationships with 
the blend formulation (Békés et al., 2002; Békés et al., 1998).  Thus, beyond the 
traditional requirements for new varieties to satisfy certain sets of quality attributes, 
an additional demand has started to be more and more important in describing the 
behavior of the given variety in a blend ('blendibility') (Békés, 2011). 
Economics and consistency-related issues led to the fact that the bread-making 
formulations used in bakeries are far more complicated compared to those in 
traditional practice.  It is not a rare situation when a bread-making formula contains 
20-30 ingredients and additives.  These chemically and biochemically active 
supplements, while making bread production easier and more economic, can also 
alter the texture of the product and increase the shelf-life of the bread through 
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significant alteration of the chemical composition of the flour/dough.  Because of the 
fact that even ranking among flour samples can be altered by using different bread-
making formulations and applying different mixer types for dough-making, it is 
practically impossible to directly relate the original quality of a variety in the 
breeding situation to its performance in industrial practice.  Thus quality attributes in 
the industry are a function not only of genetic and environmental factors but are 
also altered significantly by the technology (G x E x T) (Figure 1.3). 
The task of cereal science is to monitor/improve quality to either introduce 
generalised methodologies that work for both the breeder and for the industry or to 
recommend specialised methods for the breeders’ or for the industry’s need. 
Other dimensions of the complex requirements for good bread quality are related 
to the nutritional and health aspects of the end-product.  Beyond the moral 
obligation of grain science to provide healthy products for the consumer, it is 
essential for the entire wheat market chain to listen and respond to the often 
imprecise, even false media reports and publications that turn the public against 
wheat consumption.  The general public in most Western countries is now aware of 
the potential adverse effects of cereals containing “high calorie”, “toxic” and 
“allergic” gluten with stories and books appearing in the press promoting gluten-free 
diets (Braly and Hogganm, 2002; Davis, 2011; Ford, 2008; Wangen, 2009), many 
without drawing attention to the importance of appropriate diagnosis or even 
defining the gluten “intolerance” an individual may have.  Such adverse publicity 
poses a significant threat to the wheat industry. 
Quality attributes of wheat-based foods are determined by the chemical 
composition of the flour – each compound of which contributes to certain dough 
characteristics.  While viscosity of the dough is predominantly determined by the 
starch, major classes of the endosperm proteins (gliadins and glutenins) are 
responsible for rheological properties of the dough.  Lipids on the other hand play a 
key role in building structures that hold gas in the dough during baking and 
determining the volume of the loaf.  All of these characteristics are directly related 
to bread-making quality.  Gluten proteins usually account for around 70% of the 
variation of quality parameters among wheat varieties. The biosynthesis of the non-
protein components is catalysed by enzymes and regulated by proteins with 
specific biological/biochemical activities such as chaperones, enzyme inhibitors and 
transcription factors.  Hence, protein polymorphisms within and/or between wheat 
varieties can reflect the suitability of end products. 
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1.3 The Wheat Proteome: Polymorphisms and 
Quality Attributes 
The wheat kernel or grain (Figure 1.4) can be partitioned by weight into the 
endosperm (~83%), bran (~14%) and germ/embryo (~3%).  Starch accounts for the 
most of the endosperm (Igrejas et al., 2001), while proteins, lipids and non-starch 
polysaccharides make up the rest of the endosperm. 
 
Figure 1.4: The structure of a wheat kernel 
(http://media.fooducate.com/blog/posts/wheat-kernel.jpg). 
  
Wheat endosperm proteins were investigated as early as 1745 by Beccari, who 
isolated gluten by washing out starch from the dough (Beccari, 1945).  One 
hundred years were needed to realise that more than 80% of the gluten is made of 
protein and, 50 years later (at the beginning of 20th century), wheat grain proteins 
were sub-fractionated and classified into different groups based on their solubility 
traits (Osborne, 1907).  The soluble proteins constitute the albumins (soluble in 
water and dilute buffers) and the globulins (soluble in saline solutions).  The gluten 
proteins comprise the gliadins (soluble in 70-90% alcohol) and the glutenins 
(soluble in dilute acid or alkaline).  These sub-fractionated proteins are referred to in 
this thesis as subproteomes.  
The gluten-forming gliadin and glutenin subproteomes (65-70%) make up most 
of the protein content of the flour, while albumin (20-25%) and globulin (5%) 
subproteomes occupy a minor portion of the protein content (Figure 1.5) (Mills et 
al., 2012). 
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Figure 1.5: The endosperm protein content. 
 
The last 120 years of cereal science achieved a great understanding of the 
complex relationship between protein composition and functional properties of 
wheat flour. The application of different protein separation methods showed that 
wheat flour and its dough are extremely complex systems, containing hundreds of 
different protein molecules which interact with each other and with other non-protein 
compounds through covalent and non-covalent interactions.  Eliminating these 
interactions and separating the individual polypeptides of wheat is extremely 
difficult, partly because of the huge number of relatively similar molecules but 
initially because of their special physical and chemical characteristics.  Gluten 
proteins, both gliadins (monomer proteins) and glutenins (built up from so-called 
glutenin subunits via covalent disulphide bonds) are difficult to fully solubilise.   
Gluten has a unique amino acid structure, with Glu/Gln and Pro accounting for 
more than 50% of the amino acid residues (Eliasson and Larsson, 1993).  The low 
water solubility of gluten is attributable to its low content of Lys, Arg, and Asp (all 
charged residues), which together account for less than 10% of the total amino acid 
residues.  About 30% of the amino acid residues in gluten are hydrophobic, and 
these residues contribute greatly to its ability to form protein aggregates by 
hydrophobic interactions and to bind lipids and other non-polar substances.  The 
high glutamine and hydroxyl amino acid (~10%) content of gluten is responsible for 
its water-binding properties.  In addition, hydrogen bonding between glutamine and 
hydroxyl residues of gluten polypeptides contributes to its cohesion-adhesion 
properties.  Cysteine and cysteine residues account for 2-3% of the total amino acid 
residues; during formation of dough, these residues undergo sulfhydryl-disulfide 
interchange reactions, resulting in extensive polymerisation of gluten proteins. 
12 
 
Wheat gluten is a protein-lipid-carbohydrate complex formed as a result of 
specific covalent and non-covalent interactions from flour components during dough 
making. This formation occurs as the components are hydrated and energy from 
the mechanical input to the mixing process is provided (Islam et al., 2012).  The 
large level of polymorphism of wheat prolamins results in a special effect in relation 
to the overall functional properties of the dough.  During dough formation when 
prolamin proteins are hydrated and form the gluten network, the numerous 
structurally similar but slightly different proteins produce a mass in which several 
characteristics (such as size, polarity, charge distribution, solubility, and viscosity) 
show a continuous distribution in a relatively large interval.  This structural feature 
provides a unique characteristic of gluten proteins among protein systems 
generally. 
When a better understanding of the nature of the different grain protein classes 
had been reached and the genes for these proteins had been located to the various 
wheat chromosomes, it was realised that the original classification system, based 
on the Osborne fractionation process, is not precise.  The new, genetic-based 
classification system (Figure 1.6) allows the realisation of relationships between 
wheat proteins and those of different cereals.  
 
Figure 1.6: The classification system of wheat endosperm proteins (Shewry et al., 
2009). 
 
1.3.1  The Soluble Subproteome – Albumins and 
Globulins 
Knowledge on ‘soluble proteins’ – albumins and globulins significantly enlarged 
in the last decade.  The latest reviews on wheat proteins now provide detailed 
information about their numerous subclasses, structures, functions in the grain and 
wheat proteins 
soluble proteins gluten proteins 
monomeric 
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polymeric 
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their contribution to end-use quality of wheat (Juhász et al., 2014; Shewry et al., 
2009).  This increased interest is partly related to the fact that the novel protein 
separation techniques such as two dimensional difference gel electrophoresis (2-D 
DIGE) (Gao et al., 2009) and matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (Gao et al., 2010) applied in proteomics 
experiments, which has been reviewed recently (Juhász et al., 2013), provide 
enough resolution to separate these proteins for their identification. Thus these 
techniques show inter-variety differences (Balázs et al., 2012b) and alterations 
during endosperm development (Tasleem-Tahir et al., 2012).  Another reason for 
the increased research activity in this area is that several soluble proteins are 
harmful for sensitive individuals, causing allergic symptoms (Akagawa et al., 2007; 
Goesaert et al., 2005; Sander et al., 2001). 
The majority of the albumins and globulins in the soluble subproteome are 
metabolic (Weise et al., 2005) and structural proteins (Wrigley and Bietz, 1987); 
some have been found to be nutritionally significant (Fra-mon et al., 1984b) or can 
be used as functional food applications (Marcone, 1999).  Serpins, -amylases (de 
novo synthesis), -amylases and -amylase inhibitors (AAI) are the major protein 
components of the soluble subproteome.  While the major soluble proteins were 
found to play a major role in metabolic activity, germination and plant defence 
mechanisms (Garcia-Maroto et al., 1990; Shewry et al., 1984; Weise et al., 2005), 
the minor soluble proteins such as puroindolines and oxidative enzymes are equally 
significant in terms of flour baking performance and discoloration of food products 
(Goesaert et al., 2005). 
Soluble proteins contribute to end-product quality and dough properties in 
various ways (Jones et al., 2006):  
i) They may form a part of the gluten matrix, and even be covalently bound to 
the polymeric glutenin fraction, as are the -amylases; 
ii) They may alter some important baking-quality attributes (such as grain 
hardness); 
iii) Other components may interact with and control the functional availabilities 
of lipids and pentosans, and thereby govern the contribution of this 
important non-protein fraction to baking quality; 
iv) “Chaperone”-type proteins may help control the deposition of the prolamins 
in wheat grain, thereby altering the structural and functional properties of the 
gluten proteins; 
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v) A large number of hydrolysing enzymes present in wheat flour can alter the 
chemical structure of starch, proteins, lipids and pentosans, thereby 
modifying how they function to determine dough properties; 
vi) The activities of these hydrolyses will in turn be modified in the presence of 
endogenous enzyme inhibitors 
vii) Several soluble proteins play a dominant role in stabilising the bubble and 
foam structure of the dough.  
Each of these functions is strongly related to the conformation of these proteins 
in solution, requiring a certain amount of free water to fully hydrate these proteins. 
The following subsections provide a brief overview on the most important 
representatives of wheat soluble proteins. 
 
1.3.1.1 Amylases 
Wheat amylases constitute alpha () and beta () amylases.  -amylases (1,4--
D-glucan maltohydrolase E.C.3.2.1.2) are synthesised during grain development 
and are stored in the mature grain (Daussant et al., 1994).  -amylases (1,4--D-
glucan glucanohydrolase E.C.3.2.1.1), in contrast, are synthesised de novo during 
germination or due to rain damage in the pre-harvest period (Hader et al., 2003; 
Skerritt and Heywood, 2000) and diminished as the grain reaches maturation 
(Kruger, 1972; Yoshida, 1983).  -amylases are derived from the endosperm, 
whereas most -amylases come from the bran, pollard and germ.  Both amylases 
are involved in the hydrolysis of starch (Figure 1.7).  -amylase converts starch to 
reducing sugars by hydrolysing the -(14)-glucosidic bonds yielding glucose, 
while -amylase cleaves the non-reducing ends of the starch chain producing -
maltose (Lowe, 1937). 
 
Figure 1.7: Starch hydrolysis by - and -amylases. 
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-amylase gene expression is controlled by gibberellins (GA3) and abscisic acid 
(ABA) (Figure 1.8).  GA3 stimulates -amylase synthesis while ABA inhibits this 
synthesis (Baulcombe and Buffard, 1983; Fincher, 1989; Jacobsen, 1973).  Three 
classes of -amylase genes are differentially regulated and expressed in the wheat 
grain (Gale and Ainsworth, 1984).  The -Amy1 isozymes, known as 'malt', 
'germination' or 'high pI' -amylases, are the primary products of germination and 
pre-harvest sprouting (Kruger, 1976; Sargeant and Walker, 1978).  The -Amy2 
isozymes, known as 'green', 'pericarp' or 'low pI' -amylases, are found primarily in 
high concentrations in the pericarp of immature grains (Gale and Ainsworth, 1984; 
Olered and Jonsson, 1970).  -Amy1 and -Amy2 genes are active in the aleurone 
cells of germinating wheat grain (Sargeant, 1980).  
 
Figure 1.8: Expression of -amylases in a hexaploid wheat grain. 
 
The expression of wheat-Amy1 genes is independent of GA3 and highest at the 
early stages of seed germination in the scutellar epithelium.  After 48 h, -Amy1 
and -Amy2 transcripts are accumulated in the aleurone layer and are regulated by 
GA3 (Cejudo et al., 1995; Marchylo et al., 1979, 1980).  A subset of the -Amy2 
genes are also expressed in developing grains.  -Amy3 isozymes or very high pI 
-amylases are only expressed in immature grains and are distinct from -Amy1 
and -Amy2 genes in terms of nucleotide and derived protein sequences 
(Baulcombe et al., 1987; Daussant and Renard, 1987). 
The levels of -amylases progressively decrease upon grain development and 
usually are completely absent by the time of grain maturation or ripening (Kruger, 
1972; Yoshida, 1983).  The high pI -amylases (12-14 isozymes) are found on 
chromosomes 6A, 6B and 6D while the low pI -amylases (10-11 isozymes) are 
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found on chromosomes 7A, 7B and 7D (Lazarus et al., 1985).  Another group of 
less redundant high pI -amylase (3-4 isozymes) are located on chromosomes 5A, 
5B and 5D (Baulcombe et al., 1987). 
-amylases are more acid-stable but less heat-stable than -amylases and are 
found as two types: classical endosperm and tissue-ubiquitious -amylases.  
Classical endosperm -amylases are present in high amounts in mature or 
ungerminated grains.  Tissue-ubiquitious -amylases are present in a lower 
amounts in the pericarp (Daussant et al., 1994; Ziegler, 1999).  Pericarp -amylase 
exists in the tissues before anthesis and vanishes at the time when starchy 
endosperm -amylase starts to accumulate during grain development (Daussant 
and Lauriere, 1990).  -amylases are present in free and bound forms.  Bound -
amylase is present as insoluble complexes with other seed proteins such as 
water/salt-soluble serpins and glutenins (Hejgaard, 1976; Shinke, 1988).  Bound -
amylases act as a protective coat and protect starch from premature attack by -
amylases (Hara-Nishimura et al., 1986).  There are two different classes of gene 
encoding -amylases.  Members of the first class are encoded by multiple loci on 
chromosomes 4A, 4D, 5A and 5B of mature hexaploid wheat grains.  Members of 
the second class are located on the homoeologous group 2 chromosomes in all the 
Triticeae genomes (Ainsworth et al., 1987; Ainsworth et al., 1983; Sharp et al., 
1988b). 
 
1.3.1.2 Alpha Amylase Inhibitors 
Alpha amylase inhibitors (AAI) belong to the major group of low-molecular-mass 
albumin proteins that have the capability to inhibit -amylase activity.  These 
enzyme inhibitors were hypothesised to act as storage or reserve proteins, 
regulators of endogenous enzymes or as defensive agents against the attack of 
insects and microbial pests (Feng et al., 1996; Svensson et al., 2004).  Ingestion of 
AAI in large amounts was found to overcome gastric digestion in man and other 
mammals, especially in infants and patients affected by impaired proteolysis 
(Buonocore et al., 1977; Puls and Keup, 1973).  In addition, AAI from wheat was 
found to be a possible therapeutic agent to reduce postprandial hyperglycaemia 
and hyperinsulinaemia in patients suffering from diabetes mellitis, obesity, 
hyperlipoproteinaemia and starch metabolism-related diseases (Octavio and 
Rigden, 2000; Puls and Keup, 1973).  Although it has been shown that AAI can be 
beneficial to human health, there are some drawbacks in individuals who suffer 
from wheat hypersensitivity and intolerances (Akagawa et al., 2007; Armentia et al., 
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1993; Battais et al., 2003; Gómez et al., 1990; James et al., 1997; Pastorello et al., 
2007). 
AAI are abundant in the endosperm of the wheat grain and are highly 
polymorphic (Heidari et al., 2005; Natarajan et al., 1992; Salcedo et al., 2004; 
Saunders and Lang, 1973).  There are three classes of AAI (Figure 1.9) - 
monomeric (12 kDa), dimeric (24 kDa) and tetrameric (60 kDa) (DePonte et al., 
1976).  These proteins are encoded by a multi-gene family (Wang et al., 2006b) 
found on the long arms of group 2 chromosomes (Masojc and Gale, 1990; Masojć 
et al., 1993).  Two subunits of dimeric AAI were also found to be encoded on the 
short arms of chromosomes 3B and 3D (Sanchez-Monge et al., 1986; Sanchez-
Monge et al., 1989; Wang et al., 2006a). 
 
Figure 1.9: Classification of -amylase inhibitors. 
 
Based on electrophoretic mobility, the 12 kDa monomeric AAI is coded as 0.28, 
while two subunits of the dimeric 24 kDa AAI are known as 0.53 and 0.19.  The 
monomeric AAI primarily inhibits exogenous -amylases from insects but not from 
avian or mammalian species (Guitierrez et al., 1990; Silano et al., 1975), whereas 
dimeric AAI have been shown to inhibit endogenous wheat -amylase and appear 
to be active against all amylases, especially in birds and mammals (Buonocore et 
al., 1985; Buonocore et al., 1975).  There are limited data on the tetrameric class of 
AAI but it is believed to share a number of molecular and kinetic characteristics with 
the monomeric and dimeric AAI (Buonocore et al., 1985; Saunders and Lang, 
1973). 
In the last two decades, a group of chloroform-methanol (CM) soluble proteins 
have been found to belong to the tetrameric AAI super-family (Carbonero and 
Garcia-Olmedo, 1999; Garcia-Maroto et al., 1990).  There are three types of CM 
polypeptide chains characterised in wheat - CM1 and CM2 (type 1), CM16 and 
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CM17 (type 2) and CM3A and CM3D (type 3).  Type 1 proteins have the ability to 
block the activity of human salivary -amylase, bovine pancreatic trypsin and insect 
or microbial amylases (Gilbert et al., 2003).  These proteins were also found to 
have a role in chromatin regulation (Mancinelli et al., 2003).  There is limited 
information on the roles of type 2 and type 3 CM proteins. 
 
1.3.1.3 Friabilin 
Friabilin is a 15 kDa soluble protein associated mainly with soft wheat starch 
granules (Oda and Schofield, 1997; Rahman et al., 1994) and acts as a 'non-stick' 
protein to prevent adhesion of the starch to the matrix proteins (Darlington et al., 
2000; Giroux and Morris, 1998; Jolly et al., 1993).  Friabilin in hard textured wheat 
varieties is associated with the protein matrix rather than starch granules (Ryan and 
Brewer, 2005).  Friabilin consists of two proteins, puroindoline-a and -b (PINA and 
PINB), and their presence is a very important quality trait in endosperm texture for 
grain hardness and softness.  This attribute affects the tempering requirements, 
water absorption and milling yield in wheat flour (Delwiche, 1993; Turnbull and 
Rahman, 2002).  Puroindolines are basic cysteine-rich polypeptides with a unique 
amphiphilic-rich domain that are also known to have a role in plant defence 
mechanisms (Blochet et al., 1993).  In grains, puroindolines are important for wheat 
softness (exterior of granule only) and tensile strength (Darlington et al., 2000).  In 
bread-baking, puroindolines affect the texture of baked products by preventing 
destabilisation of foams and by influencing dough extensibility and tenacity (Douliez 
et al., 2000). 
Grain hardness or texture is linked to the PINA and PINB proteins, which are 
controlled by the genes PinA and PinB found on the short arm of chromosome 5D 
in the Ha locus (Li et al., 2008; Lillemo and Ringlund, 2002; Sourdille et al., 1996).  
PINA is present in the starchy endosperm while PINB is present in both the 
aleurone and the starchy endosperm (Dubriel et al., 1998).  PinA and PinB are 
expressed in developing seeds of T. aestivum but not in tetraploid T. durum 
(Gautier et al., 1999).  The Pin genes are conserved in all diploid species but 
deletions of haplotypes were detected in all polyploid Triticum and most of the 
polyploid Aegilops species (Li et al., 2008).  With this knowledge, grain hardness 
can be determined using a molecular PCR methodology to identify the 
presence/absence of certain Pin gene(s), which surpasses the traditional methods 
such as microscopic classification (Mattern, 1988), wheat hardness index and 
particle size index (Famera et al., 2004).  Soft wheat contains PinA and a functional 
19 
 
or wild-type allele of PinB (Pina-D1a/Pinb-D1a).  Deletions or mutations in either of 
the two genes (Pina-D1b/Pinb-D1a or Pina-D1a/Pinb-D1b) produce hard wheat 
varieties (Gale, 2005; Giroux and Morris, 1998; Pickering and Bhave, 2007). 
 
1.3.1.4 Serpins 
 Serpins (originally named after serine protease inhibitors) are proteins that 
irreversibly inhibit serine or cysteine protease enzymes and inhibit their activity.  
Some serpins have lost their inhibitory activity during evolution and have taken on 
other biochemical roles (Law et al. 2006).  Serpins are abundant in the albumin 
fraction of the wheat endosperm (Ostergaard et al., 2000; Rosenkrands et al., 
1994) and may contribute to agronomic and quality traits such as prevention of 
premature proteolysis of the seed storage proteins and a role in maintaining the 
integrity of dough formation (Salt et al., 2005).  Polymorphic isoforms of serpins are 
important for varietal identification of wheat varieties as well as dough quality (Cane 
et al., 2008; Cornish et al., 2007). 
There are at least three distinct serpin genes expressed in the barley grain 
(Rasmussen et al., 1996a; Rasmussen et al., 1996b) and six serpin isoforms have 
been identified in grains of hexaploid bread wheat (Ostergaard et al., 2000).  All 
these serpin isoforms are ~98% similar in sequence homology with the molecular 
weight range from 40-45 kDa.  A systematic proteomic approach employing 
biochemical, immunological and genetic technologies has unravelled new serpin 
isoforms in hexaploid wheat (Wu, 2007; Wu et al., 2012).  Wheat serpins known as 
protein Z (WSZ) were classified into three sub-families: WSZ1 (three isoforms - 
WSZ1a, WSZ1b and WSZ1c), WSZ2 (two isoforms - WSZ2a and WSZ2b) and 
WSZ3 (two isoforms - WSZ3a and WSZ3b).  All isoforms from the WSZ1 and 
WSZ2 families were irreversible suicide-substrate inhibitors of mammalian 
proteases chymotrypsin and cathepsin G as well as other proteases of microbial 
origin (Ostergaard et al., 2000).  The WSZ3 family members have similar reactive 
centre residues to those of WSZ1 and WSZ2; however, they are not inhibitors of 
chymotrypsin and are treated as a separate serpin sub-family (Hejgaard, 2005). 
 
1.3.1.5 Other Soluble Proteins 
Several biologically active soluble minor protein components can be found in the 
wheat endosperm. The current knowledge on their genetics, structure and function 
has been reviewed (Juhász et al., 2014).  Because of the relevance to this thesis, 
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the basic information on three of these protein groups - purothionins, lipid transfer 
proteins (LTP) and protein disulphide isomerase (PDI) – is given here.  
Purothionins are lipid-binding small polypeptides with a high cysteine content, 
isolated from the petroleum ether extract of wheat flour in the early 1940s. They 
were the very first plant proteins to be sequenced (Jones et al., 2006). The , 1 
and 2 thionins are encoded by the three genes Pur-A1, Pur-B1 and Pur-D1 on the 
long arms of chromosomes 1A, 1B and 1D, respectively (Garcia-Olmedo, 1999). 
Thionins were found to possess bactericidal and fungicidal properties.  
Furthermore, the bread baking performance parameters (Patey et al., 1976) of loaf 
volume and crumb texture (Zghal et al., 2002) are influenced by the - and -
purothionins. 
LTPs are involved in the membrane biogenesis and regulation of fatty acids by 
enhancing the transfer of phospholipids between cell membranes (Kader, 1996).  
However, LTPs are known to be pan-allergens and have been associated with 
Baker’s asthma sensitisation (Palacin et al., 2007). 
Storage protein bodies in wheat endosperm are regulated by PDI.  These 
enzymes play an important role in assisting protein folding and assembly.  They 
catalyse the formation, cleavage and isomerisation of disulphide bonds of 
polypeptides, which are crucial for the stability of the protein structure (Dhanapal, 
2012; Johnson and Bhave, 2004). 
 
1.3.2 The Gluten Subproteome – Gliadins and Glutenins 
Because the main focus of this work is on the soluble proteins of wheat, this sub-
section does not intend to cover the very extensive research on the wheat 
prolamins and their relationships to quality.  Only a short overview is given, referring 
to some recent interesting reviews on the topic. 
Wheat varieties at the same protein level were found to differ in their bread-
making quality, giving the first indication that ‘protein quality’ as well as the total 
amount of protein is important for good bread-baking quality (Finney and Baremore, 
1948).  The gluten proteins contribute 80-85% of the total wheat protein and are the 
major storage proteins of wheat. They belong to the prolamin class of seed storage 
proteins (Shewry and Halford, 2002). 
On the basis of disulphide-bonding behaviour of the individual proteins, these 
storage proteins are divided into monomeric gliadins and polymeric glutenins 
(Branlard and Dardevet, 1985; Payne et al., 1987; Payne et al., 1988). 
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Gliadins are monomeric prolamins that either lack cysteine residues (omega 
gliadins) or have only intra-chain disulphide bonds and are synthesised by the Gli-1 
and Gli-2 loci located on the short arms of the homeologous chromosomes 1 and 6 
respectively (Payne, 1987; Payne et al., 1984).  Among wheat subproteomes, 
gliadins show the most extensive polymorphism.  Since gliadin composition was 
found not to be variable by environmental factors (Zillman and Bushuk, 1979), 
gliadins are often used for variety identification.  Beyond the general overviews on 
wheat prolamins published recently (Juhász et al., 2014; Juhász et al., 2013; 
Shewry et al., 2009), several reviews have been published on the polymorphism 
and genetics of gliadins (Metakovsky et al., 2006), on the allelic identification and 
application of gliadins (Metakovsky and Graybosch, 2006) and on the effects of 
gliadin alleles on wheat quality (Branlard and Metakovsky, 2006). 
Glutenins are polymeric proteins composed of two types: low-molecular-weight 
glutenin subunits (LMW-GS, 23-68 kDa) and high-molecular-weight subunits 
(HMW-GS, 77-160 kDa) (Kasarda, 1999).  The LMW-GS, which constitute 40% of 
the total grain storage protein in wheat, are encoded by Glu-3 genes located on the 
short arms of chromosomes 1A, 1B and 1D and are in close proximity of Gli-1 loci 
(Payne et al., 1987; Pogna et al., 1990; Singh and Shepherd, 1988).  Though LMW-
GS have received little attention mainly because of difficulty in identification, the 
association between their allelic variation and significant differences in bread-
making quality has been widely reported (Gupta et al., 1994; Gupta et al., 1989; 
Pogna et al., 1990; Ruiz and Carrillo, 1993).  The genetics, allelic variation and 
contribution to quality of LMW-GS have been extensively reviewed (Juhász and 
Gianibelli, 2006; Masci et al., 2002). 
The HMW-GS are controlled by the Glu-1 loci located on the long arms of 1A, 1B 
and 1D homeologous chromosomes.  Each locus for HMW-GS encodes one x-type 
and one y-type subunit gene (Payne, 1987).  However, gene silencing in hexaploid 
bread wheat results in the expression of only three to five HMW-GS.  The 
composition of HMW-GS differs between varieties with allelic variation (Shewry et 
al., 2003).  Despite the fact that HMW-GS constitute only 10% of the total storage 
proteins, it has been well established that they have the largest effect on bread-
making quality (Payne, 1987).  Assessment of the contribution of HMW-GS to 
bread-making quality of wheat has been reported by assigning quality scores to 
individual HMW-GS alleles (Payne, 1987). This application revolutionised the 
selection procedure for quality in wheat breeding, using either HMW-GS as protein 
markers or allele-specific molecular markers for HMW-GS coding genes (Howitt, 
2010; Howitt et al., 2006). 
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1.3.3 The Amyloplast Subproteome 
The first proteomic investigation of the wheat amyloplast was carried out on 
whole amyloplasts and purified amyloplast membranes (Andon et al., 2002). The 
most important finding of this early work was the realisation that a large fraction of 
proteins in the amyloplast membrane and whole amyloplast were unknown and still 
needed to be characterised and classified.  It was also postulated that a large 
fraction of the amyloplast proteome was dedicated to metabolism.  Since Andon’s 
early work, significant progress has been made in the investigation of isolated 
amyloplasts during grain development as well as starch granules isolated from 
premature and fully developed grain. 
Meanwhile, the view concerning the importance of starch in relation to the overall 
quality of wheat has changed significantly over many years.  Starch was originally 
considered to play only a minor role in wheat product quality.  Recently, the 
contribution of starch to flour processing quality has been recognised (Rahman et 
al., 2000).  Starch has a dominating contribution in determining the quality of noodle 
products and is a major contributor to the nutritional value of wheat-based products.  
There is intensive research activity aiming to alter the composition, structure and 
nutritional value of wheat starch by manipulating the enzymes of starch metabolism 
(Regina et al., 2006).  Starch also plays an important role in bread-making and in 
defining certain quality attributes of bread-type end-products such as shelf-life and 
staling. 
Starch is the principle component of the wheat endosperm, constituting about 
65-70% of the mature grain (Igrejas et al., 2001).  Numerous proteins (mostly 
enzymes associated with starch synthesis) can be found on the surface and as an 
integral part of the starch granules.  
The main chemical and physical starch characteristics of direct importance to 
quality are amylose content, granule-size distribution, temperature of gelatinisation, 
viscosity of starch gels, and swelling power.  Progress in improving our 
understanding of starch-related quality research has been reviewed recently (Park 
et al., 2009; Wrigley et al., 2009).  The proteomic approach plays an increasingly 
important role in this amyloplast and starch-related area. 
Starch is produced inside plastids and represents a major storage product of 
many of the seeds and storage organs produced agriculturally and used for human 
consumption as well as many important industrial applications.  The starch granule 
is a complex polymeric structure with a hierarchical order of concentric rings 
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radiating from the central hilum to the surface of the granule (Blazek et al., 2009), 
allowing efficient packing of large amounts of polymerised Glc into a water-insoluble 
form, and is composed of two distinct types of starch molecules: amylose and 
amylopectin. 
Amylose comprises largely of unbranched α-(14)-linked glucan chains and 
does not appear to participate in the formation of the ordered part of the matrix.  
Amylopectin is a branched glucan polymer typically comprising between 65% and 
85% of the starch granule mass, produced by the formation of α-(16)-branch 
linkages between adjoining linear (i.e. α-(14)-linked) glucan chains.  The 
polymodal distribution of glucan chain lengths and branch point clustering within 
amylopectin allows short- to intermediate-sized glucan chains to form double 
helices that can pack together in organised arrays, which are the basis of the semi-
crystalline nature of the starch granule matrix (Thompson, 2000).  Granule 
formation is driven by both the semicrystalline properties of amylopectin, as 
determined by the length of its linear chains, and the clustering and frequency of -
(16)-branch linkages (Myers et al., 2000).  By contrast, the water-soluble 
glycogens of bacteria and animals have a more openly branched structure.  As 
such, it is the amylopectin component of starch that essentially defines the highly 
conserved structure of the granule and is the major determinant of starch 
functionality (Davies et al., 2003; Tetlow et al., 2008). 
The basic enzymatic steps required for the formation of amylopectin (the core 
pathway) are known and have been determined using a combination of biochemical 
techniques and forward and reverse genetics.  Amylopectin biosynthesis is initiated 
by the formation of -(14)-linked linear glucan chains from the activated glucosyl 
donor ADP-Glc in a reaction catalysed by starch synthases (SSs; EC 2.4.1.21).  
Branch linkages within glucan chains of varying length are introduced by starch 
branching enzymes (SBEs; EC 2.4.1.18), which cleave internal -(14) linkages 
and transfer the released reducing end to a C6 hydroxyl to create a new -(16) 
linkage.  In addition to SSs and SBEs, the de-branching enzymes (DBEs; EC 
3.2.1.41 and EC 3.2.1.68) also appear to be an essential component in the 
formation of semi-crystalline amylopectin. DBE mutants often lack or are reduced in 
amylopectin content and in its place accumulate large amounts of a soluble, 
glycogen-like glucan polymer (Wattebled et al., 2005).  Plants possess multiple 
forms of SSs (SSs I–IV), SBEs (SBEs I and II), and DBEs (isoamylase-type DBEs 
1–3 and pullulanase-type DBE), and the strong amino acid sequence conservation 
among these forms in plants suggests specific and unique roles for each during 
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amylopectin biosynthesis (Ball and Morell, 2003; Myers et al., 2000).  For example, 
recent studies with SSIII and SSIV in Arabidopsis (Arabidopsis thaliana) suggest 
SSIII can control the rate of starch synthesis in leaves (Zhang et al., 2005) and that 
SSIV may be involved in a granule initiation pathway (Roldan et al., 2007).  Co-
ordination of these activities, as well as other enzymatic steps, including starch-
degrading activities, is likely to be required to produce the non-random clustered 
arrangement of glucan chains characteristic of amylopectin. 
Granule-bound starch synthases (GBSS) are the major enzymes present in the 
starch subproteome and are responsible for the biosynthesis of the amylose 
fraction.  In contrast, soluble starch synthases together with branching and de-
branching enzymes are responsible for amylopectin synthesis (Pham et al., 2006).  
Absence of GBSS will result in the production of starch with reduced amylose 
content or waxy starch.  Partial waxy wheat (with one or two GBSS null alleles) is 
optimal for the quality characteristics in certain Asian noodle products.  Reduced 
amylose content and the presence of GBSS null alleles were shown to associate 
with both starch swelling power and high peak viscosities in rapid visco analyser 
experiments (Zeng et al., 1997; Zhao et al., 1995). 
Research on wheat endosperm amyloplasts suggests protein phosphorylation is 
involved in modulating the catalytic activity of some key enzymes (the SBEII class) 
and their ability to form physical interactions with other starch-metabolising 
enzymes (Tetlow et al., 2004).  As has been emphasised in several publications 
(Bancel et al., 2010; Hurkman and Kanaka, 2004, 2007; Hurkman et al., 2008), 
amyloplast and starch granule research is a challenging area and improved specific 
techniques had to be developed prior to successful research. This development 
covered the improved isolation of amyloplasts, as well as starch granule protein 
extraction and separation methods.  Compared to the time of Andon’s work, the 
substantially enhanced wheat genomics resources recently available also had a 
significant role in progress in this area. 
One of the aspects of method development for wheat protein analysis is the 
application of affinity electrophoresis in the identification of enzymes.  This 
approach is routinely used in studies related to starch biosynthetic (Konik-Rose et 
al., 2007; Regina et al., 2006) and hydrolysing enzymes and their inhibitors (Wu et 
al., 2011).  It involves adding various concentrations of glucan substrates (corn 
starch or amylopectin) to a native gel polymerisation mixture and then using an 
established zymogram technique for visualisation of the protein spots (Nishi et al., 
2001). 
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Both the basic research-oriented and practical importance of wheat amyloplast 
research is well-presented (Dupont, 2008).  To break the inverse relationship 
between yield and protein content of wheat it is essential to reach a better 
understanding on the inter-relationships of metabolic pathways in the wheat 
endosperm.  
Understanding the molecular mechanisms that regulate the balance between 
starch and protein synthesis could help uncouple the inverse relationships between 
starch and protein synthesis, and between desirable amino acid compositions 
versus high protein content.  Many of the metabolic pathways for synthesis of 
amino acids, isoprenoids, lipids and other products are located within plastids 
(Lunn, 2007); thus it is logical that these essential molecules are synthesised within 
the amyloplasts.  Amyloplasts play a central role in the process of transforming 
glutamine and a few other amino acids, as well as sucrose, into the array of amino 
acids, lipids, nucleic acids and carbohydrates needed to sustain the intense 
accumulation of starch and protein in the developing grain (Balmer et al., 2006; 
Dupont, 2008).  Until recently, amyloplasts have been discussed mainly in terms of 
their role in starch biosynthesis, whereas their role in synthesis of other endosperm 
components has been largely ignored. 
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1.4 Databases 
A database consists of an organised collection of data for one or more uses.  
Databases constitute valuable information available to facilitate searches, 
investigations and for comparative analyses.  In a biological system, multiple 
experimental sources such as phenomics, genomics, transcriptomics and 
proteomics technology platforms used to analyse information in order to integrate a 
database of an organism or species.  Publicly, there are numerous web-based 
databases available that can be used for the identification or comparison of 
proteins, nucleotides, genomes and many other biological systems.  A centralised 
system can be found at The National Center for Biotechnology Information 
(http://www.ncbi.nlm.gov).  Databases have been used widely for data mining, 
comparative studies, information referencing and/or displaying diversity and 
polymorphisms (Bhullar et al., 2009; Martynov and Dobrotvorskaia, 2002; Ouyang 
and Buell, 2004). 
 
1.4.1  Database Construction 
A biological database is usually created for certain purposes to study a specific 
organism or group of organisms.  There is an enormous range of biological 
databases available that have been built by different research groups at different 
locations and for different purposes (Benton, 1996).  Biological data is more 
meaningful in context than by itself.  New biological discoveries can be achieved by 
integrating and analysing existing data as well as by generating new data.  
Integration of related data enables data validation and consistency checking (Karp, 
1996), while building up a bigger database for the understanding of a species.  
There are three common technology platforms – genomics, transcriptomics and 
proteomics – used for the study of Triticum species and in some cases databases 
have been generated to provide comparative reference information for other 
people.  Although biological databases can be categorised, they are all related to 
each other and share information to build a bigger database of a whole organism 
(Figure 1.10).  For example, data mining of expressed sequence tags (ESTs) in a 
genomic database is useful for the construction of a transcriptomic database 
(Laudencia-Chingcuanco et al., 2006) or for the combination of resources from both 
genomics and proteomics to identify proteins of interest (Amiour et al., 2003). 
Databases were generally built from smaller building blocks of data collected 
using different methodologies and technologies.  For instance, a wheat genetic 
database was generated using molecular techniques to identify DNA markers.  
27 
 
These markers were then mapped, known as physical or genetic mapping 
(Bandopadhyay et al., 2004; Zhou et al., 2002). 
 
Peptides, protein bands, 
protein spots, isoenzymes
Biological 
Database
ESTs, EST-SSRs, SNPs, 
QTLs, Microsatellites
EST, RNAs, cDNAs
 
Figure 1.10: Construction of a biological database. 
 
In the case of a proteomics database, the protein identities are determined by 
proteomic methodologies and the known peptides are compiled to form a central 
database for protein referencing or data mining.  Different databases have been 
constructed to serve different purposes.  There are databases built for the study of 
whole-grain content in foods (Maras et al., 2009), contaminants in wheat (Harcz et 
al., 2007) and plant homeopathy (Van Wijk and Albrecht, 2007).  Other databases 
such as dietary databases (Steyn et al., 2008) and total antioxidant capacity 
databases (Pellegrini et al., 2006) were created for evaluation and fortification of 
foods to improve micronutrients in staple foods.  These databases can also be 
utilised to investigate the role of dietary antioxidants in disease prevention. 
 
1.4.2 Genome Databases 
The genome is the entirety of an organism’s heredity information.  It is encoded 
in DNA (or in RNA for many types of viruses).  The genome includes both the 
genes and the non-coding sequences of the DNA.  Genomics is the study of the 
genome.  This field of study requires intensive work to determine the coding and 
non-coding gene sequences of the organism’s DNA as well as fine-scale genomic 
mapping.  Genomic distribution of DNA sequences can expand the opportunity for 
sequencing the genome (Kubalakova et al., 2005).  The knowledge of a full genome 
has created the possibility for the field of functional genomics and patterns of gene 
expression under various conditions; however, the genome does not capture the 
genetic diversity or the genetic polymorphisms of a species. 
There are many genomic databases available for public access with valuable 
genetic resources for functional and comparative genomics in cereals (Kawaura et 
al., 2009).  For cereal scientists and breeders the genomic era has shed light on the 
28 
 
ongoing annotation of the wheat genome, as well as understanding the expression 
patterns in various tissues throughout the wheat lifecycle and in response to stress 
treatments. 
The majority of genomic databases were assembled from ESTs and 
microsatellites.  DNAs from wheat grains or leaves were extracted and in some 
cases were cloned (Roder et al., 1998).  Microsatellites, DNA markers or expressed 
sequence tag simple sequence repeats (EST-SSRs) were generated by molecular 
techniques such as polymerase chain reaction (PCR), restriction fragment length 
polymorphism (RFLP) or amplified fragment length polymorphism (AFLP) 
(Bandopadhyay et al., 2004; Zhou et al., 2002).  These markers were then mapped 
and a genetic database compiled from the data collected.  Genomic databases are 
being used for comparative studies, functional annotations, gene structure 
predictions and hierarchical clustering (Mochida et al., 2009).  Some databases 
were constructed to serve as a central point for obtaining and contributing 
information about the genetics and biology of cereal crops (Carollo et al., 2005; 
Mathews et al., 2003) while others function as a one-stop portal for literature, 
genetic and genomic datasets related to maps, markers, genes, genomes and 
quantitative trait locus (QTL) (Jaiswal et al., 2006; Ware et al., 2002). 
A wheat microsatellite database (Roder et al., 2002) was constructed to generate 
genetic maps and phenotypic data to localise and map important agronomic genes, 
to allow positional cloning and to identify closely associated markers (Gadaleta et 
al., 2009).  Microsatellite markers can be used to examine linkage disequilibrium in 
bread and durum wheat (Somers et al., 2007).  Allele frequencies of microsatellites 
can aid the understanding of wheat genetic diversity and reveal pathways of 
evolution (Mitrofanova et al., 2009).  Single-nucleotide polymorphisms (SNPs) 
derived from ESTs represent a new form of functional marker.  SNPs can be 
detected by high-throughput genotyping technologies in genetic mapping and 
genetic diversity applications (Somers et al., 2003) as well as wheat breeding 
programs (Berard et al., 2009). 
Molecular markers developed from EST-SSRs are useful for gene tagging, gene 
cloning, and comparative genomic studies of cereal crops (Peng and Lapitan, 
2005).  There are more than 1000 wheat genomic SSR markers available 
(Bandopadhyay et al., 2004), which are useful for marker-assisted selection in 
wheat breeding programs.  In addition to EST and EST-SSR, various types of in 
situ hybridisation including fluorescent (FISH), genomic (GISH) and multicolour 
fluorescent (McFISH) have facilitated the development of physical maps.  Molecular 
tools such as PCR, RFLP, random amplified polymorphic DNA (RAPD) and 
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denaturing gradient gel electrophoresis (DGGE) have been used to construct 
molecular maps, identify and isolate of genes and QTLs for agronomic traits (Gupta 
et al., 2005).  Applications of molecular techniques allowed the identification and 
study of crops to be more efficient (Johnson and Bhave, 2004; Joshi and Nguyen, 
1993; Simons et al., 2003). 
Sequences from the EST databases have been valuable for the study of many 
wheat genes, examples of which are those encoding cryptochrome (Xu et al., 
2010), glycosyltransferase (Sado et al., 2009) and -gliadins (Altenbach et al., 
2010).  Some public EST databases include the crop expressed sequence tag 
database (CR-EST) and Triticeae mapped expressed sequence tag database 
(TriMEDB).  The CR-EST provides access to sequence, annotation, classification 
and clustering data of crop EST projects (Kunne et al., 2005).  The TriMEDB 
provides information with various annotations to map-location data, information 
regarding transcribed genetic markers and QTL analysis.  It also allows 
visualisation of EST map positions and inter-relationships with public gene models 
and representative cDNA sequences (Mochida et al., 2008). 
Targeting Induced Local Lesions in Genomes (TILLING), a reverse genetics 
approach that combines chemical mutagenesis with a high-throughput screen for 
mutations, has enabled researchers to pursue wheat functional genomics and 
provide novel allelic diversity for wheat improvement (Uauy et al., 2009).  These 
molecular techniques have enabled scientists and researchers to study the genetic 
diversity and relationships of ancestral wheat progenies and modern wheat. 
Diversity Array Technology (DArT) is a hybridisation-based technique that 
provides high quality markers and can fingerprint hundreds to thousands of 
genomic loci in parallel (Akbari et al., 2006).  SSR and DArT markers have 
contributed to the development of high-resolution genetic maps for genetic analysis.  
DArT markers on the wheat array can be mapped on the wheat genome, and their 
chromosomal locations with respect to SSR markers and their positions in the 
cytogenetic map determined (Francki et al., 2009).  DArT has been used in many 
fields of research ranging from assessment of genetic diversity, comparison of 
genomic relationships and construction of genetic linkages (Jing et al., 2009) and 
was shown to be equivalent or superior in comparison to other molecular markers 
(Jaccoud et al., 2001; van Schalkwyka et al., 2008; Wenzl et al., 2004).  This 
technique is rapid and efficient to develop new molecular-based cloning of genes of 
interest, compare maps as well as genome organisation and evolution studies 
between ancient diploid species and other crops. 
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1.4.3 Transcriptome Databases 
One of the restrictions of genome sequences is that they do not provide 
information on gene expression under various environmental conditions; for this, 
the study of the transcriptome is essential.  For example, to monitor the 
performance of a wheat variety in different environments for quality and agronomic 
traits, breeders can look at grain development and gene expression (Wan et al., 
2008; Wan et al., 2009).  Transcript abundance is usually determined by 
quantitative real-time PCR (RT-qPCR) or microarrays (Kawaura et al., 2006; Ma et 
al., 2009; Zhang et al., 2010).  Recently, high-throughput technologies such as 
RNA-Seq or Whole Transcriptome Shotgun Sequencing (WTSS) have provided a 
more efficient measurement of the transcriptome (Maher et al., 2009).  
Transcriptome databases built from the identified functional genes have provided 
information to researchers and breeders about plant regulation, pathogenesis, 
defence mechanisms and responses to stresses (Kawaura et al., 2006; Laudencia-
Chingcuanco et al., 2006; Ma et al., 2009). 
There are a few wheat transcriptomic databases available for public access that 
provide information for researchers to perform data mining, studying for gene 
expressions, plant growth and development, sequence information and matching 
EST (Dryanova et al., 2008; Mitchell et al., 2007; Wilson et al., 2004).  For example, 
the Wheat Estimated Transcript Server (WhETS) at 
http://www4.rothamsted.bbsrc.ac.uk/whets provides information on the number of 
matching EST and high quality cDNA sequences for the study of transcripts and 
intron position distribution in tissues of hexaploid wheat (Mitchell et al., 2007).  
However, this server was no longer accessible on the web. 
 
1.4.4 Proteome Databases 
While transcriptomes provide information about gene expression at a given time, 
the proteome is a snapshot of the proteins expressed. The proteome can also 
assist in identifying the biochemical regulation and functionalities of those proteins 
(Flaete et al., 2005; Twyman, 2004). 
Prior to the proteomics era, the need of different routine applications to 
characterise samples based on their protein composition in the wheat industry 
chain from pre-breeding to breeding, grain storage, handling and the food industry 
lead to two important developments:  
i) Standard methodologies were established/accepted and used 
internationally;  
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ii) Large databases were assembled to systematise and store the collected 
information to serve the applications.  
Overviews of these two developments are reviewed here. 
 
1.4.4.1 Variety Identification 
The declaration of variety for wheat deliveries is used in many wheat-producing 
countries as a basis for defining quality type.  Varietal identification has great 
importance in point-of-delivery royalty payments under Plant Breeders’ Rights 
(PBR) in some countries.  Under this system, royalties for a particular PBR variety 
are paid according to the volume of grain harvested and delivered, with the 
payment being assessed according to the declaration of the variety at the time of 
delivery.  Because of these important issues, the permanent development of 
methodologies and processes applicable for variety identification is crucial.  
Databases and data handling processes have been developed to serve this 
purpose. 
Before protein separation methods with suitable resolution and throughput were 
available, variety identification was carried out based on morphology (kernel size, 
shape, colour, etc.).  Visual inspection to distinguish wheat varieties required highly 
qualified and experienced staff.  However, in the main wheat exporting countries 
(USA, Canada, Australia), semi-government institutions have been established for 
this important service. 
In Australia, the Australian Wheat Board carried out variety identification and 
produced certificates for samples.  A series of seven books was produced 
containing systematic descriptions and coloured illustrations of varieties of wheat, 
barley, triticale and oats (Ferns et al., 1975; Fitzsimmons et al., 1986) to assist this 
procedure.  Similar reference books have been provided in many grain-producing 
countries to assist in the identification of varieties (Agrawal, 1997; Jarman, 1995). 
Aspects of protein composition have long been used for variety identification 
because of the absence of variations in composition due to differences in growth 
conditions.  Most prominent in this respect are the gliadin proteins, whose 
electrophoretic patterns have been shown to vary little with growth environment 
(Zillman and Bushuk, 1979), with the possible exception of sulphur deficiency 
(Randall and Wrigley, 1986). 
For some decades, the routine method of identifying wheat varieties in the 
laboratory has been acidic gel electrophoresis (at pH 3) of gliadin proteins (Wrigley 
et al., 1982; Zillman and Bushuk, 1979).  This identification approach is well 
established in the standard methods of several scientific bodies, especially the 
32 
 
International Association for Cereal Science and Technology, the International 
Seed Testing Association, and the Royal Australian Chemical Institute.  In early 
versions, a starch gel was used as the electrophoresis medium.  There are many 
publications on modifications of the extractant and gel medium, describing the 
optimal separation and staining procedures, and the evaluation of the electro-
phoretograms (Lookhart and Wrigley, 1995).  This latter area – the use of different 
reference standards in certain varieties – led to standardised methods, which 
allowed the development of large databases containing digitalised information on 
the gliadin patterns of varieties grown in a country or wheat-growing region. 
Traditionally, polyacrylamide gel electrophoresis (PAGE) procedures may require 
up to 24 hours for the results of the identification.  This includes up to an hour for 
extraction and gel polymerisation, a few hours for the electrophoretic separation 
(although this is often much quicker), up to 12 hours overnight to stain the proteins 
in the gels, and finally a short period for interpretation and recording of the results 
(by photography, optical scanning or image analysis).  Recently, quicker methods 
have been devised involving, for example, the use of very small pre-cast gels that 
permit much shorter electrophoresis times and faster staining (Wrigley et al., 1991; 
Wrigley and Margolis, 1992). 
During the 1990s, capillary electrophoresis developed as an alternative to gel 
electrophoresis, with similar or better resolution of zones (Bean and Lookhart, 2000; 
Siriamornpun et al., 2001).  This method was found to be suitable not only for the 
separation of gliadins but also providing excellent resolution for separating cereal 
albumins. 
The theoretical idea of lab-on-a-chip (LOC) and Micro Total Analysis Systems (μ-
TAS) was introduced by Manz and his co-workers as a new possible way for high-
tech separation of biopolymers like proteins and nucleic acids (Manz et al., 1990).  
In these systems, the molecular transport and separation processes, such as 
injection, chemical reaction, analytical separation and detection, are integrated on a 
single chip.  Today various capillary electrophoresis (CE)-based LOC instruments 
are commercially available.  The instruments are in a form similar to a credit card 
with a small compact measuring station and disposable chip.  Use of this 
technology has several advantages over conventional methods such as sodium 
dodecyl sulphate PAGE (SDS-PAGE), including automation, reduced usage of 
reagents and analytes, high-speed analysis, operational simplicity, and 
compactness (Li, 2006).  The LOC technology proved to be a valuable tool for 
wheat protein characterisation for different applications (Rhazi et al., 2009), 
including variety identification (Uthayakumaran et al., 2005; Uthayakumaran et al., 
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2006).  LOC is not suitable for gliadin separation but can provide a suitable 
resolution for separating albumins, globulins and HMW glutenin subunits (Balázs et 
al., 2012a; Balázs et al., 2012b) in order to develop databases that can capture 
protein compositional data of large wheat variety populations (Baracskai et al., 
2011; Kovács et al., 2013). 
The use of reverse phase high performance liquid chromatography (RP-HPLC) 
has been established for a longer period than CE, and has been endorsed for 
routine use in some standard methods of analysis.  RP-HPLC has been applied to 
the analysis of gliadin composition, and also of glutenin subunits (Larroque et al., 
2001).  For this reason, the method has also been used as a research tool for 
determining aspects of composition that relate to dough properties, such as the 
presence of specific HMW-glutenin subunits and the ratio of HMW to LMW glutenin 
subunits.  It shares some of the advantages of CE, namely, automatic loading and 
instant interpretation of results.  
Mass spectroscopy (MS) is another approach to be considered in the range of 
alternatives for analysis of grain-protein composition.  The first application of this 
technique to gliadin proteins for variety identification distinguished between all of 
the 16 Canadian wheat varieties tested, representing five classes of quality type, 
and included multiple samples of each variety grown at different sites (Ens et al., 
2000).  Since this early work, MS has been used in numerous applications for all 
cereal protein classes both in basic and applied research, including variety 
identification.  Its advantages and limitations compared to other techniques have 
been reviewed for soluble proteins, namely gliadins as well as HMW and LMW GS 
(Chen et al., 2007; Gao et al., 2010; Gao et al., 2009; Liu et al., 2010). 
The binding specificity of antibodies offers a further alternative for analysis of 
protein composition, and thus of variety identification (Skerritt, 1995).  In this study, 
grain extracts of these varieties reacted separately with each of the antibody 
combinations in two-antibody ‘sandwich assays’.  In practice, this system can be 
applied efficiently in the laboratory by using multi-well micro-titre plates, with 
automatic multi-channel pipettes and an automatic enzyme linked immuno-sorbent 
assay (ELISA) reader.  Alternatively, the method has been adapted to on-the-spot 
identification with an extension of the immuno-chromatography system used in the 
WheatRite card test for sprout damage (Skerritt and Heywood, 2000). 
Analysis at the DNA level is the undisputed ultimate level at which to analyse for 
genotype, with no possibility for interference from growth conditions.  New 
technologies at the genome level now offer the possibility of conducting varietal 
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identification by DNA analysis efficiently and economically (Howitt, 2010; Howitt et 
al., 2006). 
In the 1970s and 1980s, the one-dimensional (1D) techniques such as 
electrophoresis at pH 3.1, SDS-PAGE and electro-focusing were used to separate 
the water-soluble and salt-soluble proteins (albumins and globulins) of 
common wheat usually poorly suited to variety identification (Hussein and 
Stegeman, 1978; Nitsche and Belitz, 1976).  However, the apparent varietal 
uniformity made the water-soluble grain proteins suitable for comparisons 
between species because of the obvious differences in composition at this 
taxonomic level. Electrophoretic analysis of this class of proteins has thus 
proved valuable in determining the presence of T. aestivum in durum wheat 
products (Ohms, 1980).  Specific staining of the electrophoretic gel for the 
enzymatic activity of water-soluble proteins (phosphorase, amylases, 
esterases and peroxidases) had provided useful distinctions between wheat 
varieties (Alexandrescu et al., 1979; Auriau et al., 1976; Cubbada and 
Quattrucci, 1974; Jourdier, 1974; Jourdier and Bernard, 1977; Kobrehel and 
Gautier, 1974; Menke et al., 1973; Nakai, 1979; Nishikawa and Nobuhara, 
1971). 
For the objective and automatic interpretation of results, computer-based 
methods have been devised to digitalise protein patterns on gels.  Reference 
varieties and reference bands in the pattern of these varieties have been selected 
and the databases have been built from relative mobility and relative intensity data. 
Special pattern recognition-based software programs have been developed to 
make the large databases easy to use (Békés et al., 1991; Sapirstein and Bushuk, 
1985; Wrigley et al., 1992) 
 
1.4.4.2 Glutenin Allelic Composition – Predicting Bread-making 
Quality 
In wheat breeding, the relatively large biodiversity among the HMW and LMW 
GS alleles allows a precise fine-tuning of the balance of dough strength and 
extensibility.  The most frequently used tool relating protein composition to quality is 
the Payne score (Payne et al., 1987) providing a single number to estimate dough 
strength from the HMW glutenin allelic composition.  Since the success of using the 
Payne score in breeding programs by applying the HMW glutenin composition as 
protein markers for dough properties, there have been several attempts to include 
the LMW-glutenin alleles in similar mathematical formulae (Cornish et al., 2006; 
35 
 
Eagles et al., 2002; Gupta, 1991).  By the application of sophisticated statistical 
approaches, the Wheat Simulator (Eagles et al., 2002), and the Protein Scoring 
System (PSS) (Békés et al., 2006) are capable of describing the effects of both 
HMW- and LMW-GS alleles on dough strength and extensibility, both individually 
and as pair-wise interactions among the alleles. 
To develop an incident matrix from the allelic composition of the samples, a 
complex multiple regression type of statistical analysis has been carried out 
providing factors to describe the contribution of each of the HMW- and LMW-
glutenin alleles and their pair-wise interactions with dough strength and 
extensibility.  The PSS model has two different types of application.  Firstly, the 
models indicate that the approach of relating allelic composition to quality attributes 
is possible with careful data selection and applying robust mathematical tools.  
Secondly, the genetic potential of a line, with a certain combination of alleles on the 
six glutenin coding loci, can be predicted where both the contribution of the 
individual alleles and their pair-wise interactions play equally important roles 
(Baracskai et al., 2011; Békés et al., 2006; Branlard et al., 2003; Cornish et al., 
2006). 
The coefficients for the different alleles and allele-allele interactions provide a 
basis to select parents for crossing with the aim of a specific dough strength-
extensibility combination.  An important realisation from evaluating such models is 
that the large contribution of allele-allele interactions mean the different allelic 
combinations (rather than the individual glutenin alleles) should be targeted in 
breeding to develop new lines with certain quality attributes (Békés et al., 2006).  
 Access to information about the glutenin and gliadin alleles of the large number 
of wheat varieties has been difficult because it is spread throughout the literature 
and in private listings.  This issue was the reason that a comprehensive list of allelic 
data of wheat varieties bred and cultivated all around the world was collected and 
published as an Appendix in a book published by AACC International entitled 
“Gliadin and Glutenin: The Unique Balance of Wheat Quality” (Wrigley et al., 2006).  
When the large size of the appendix precluded its inclusion within the covers of a 
book, the internet permitted its publication. 
The AACCI book is still a good source of information about the chemistry, 
genetics and nomenclature for the three classes of gluten proteins, namely the 
gliadins and the HMW-GS and LMW-GS.  The earlier three versions of the gluten-
protein database, provided on the AACCI web site since 2006, served as a key 
collection of allelic data for thousands of varieties in three separate sections: 
gliadins, HMW-GS and LMW-GS. This database continues to be the main website 
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for cereal chemists requiring gluten-protein alleles.  Other sources include similar or 
complementary information: a part of the GrainGenes 2.0 website 
(http://wheat.pw.usda.gov/ggpages/gopher/Quality/Molecular/HMW), the pedigree 
website for International Maize and Wheat Improvement Center or CIMMYT 
(wheatpedigree.net) and the website for 'Genes On-Line' 
(genes.genbank.vurv.cz/wheat/pedigree). 
Version 4 of the gluten-protein database, made available recently on the AACCI 
web site (Békés and Wrigley, 2013), includes a large number of wheat genotypes 
covering the allelic composition of more than 9,000 varieties bred in 91 countries.  
The user can search, screen and utilise specific applications addressing glutenin 
allelic composition to:  
 assess the genetic potential of a specific variety for processing; 
 determine how readily a specific combination of varieties could be 
distinguished according to glutenin composition; 
 determine the value of specific genotypes as parent lines to achieve 
targeted genetic potential for dough quality, applying the well-established 
Payne-score and/or the Protein Scoring System model; 
 pursue population genetics.  
 
1.4.4.3 Application of Proteomics in Wheat Research 
Existing or possible applications of proteomic research on dough quality, starch 
properties, chromosomal location of coding genes, environmental factors, pest 
resistance and genotype identification have been critically reviewed (Skylas et al., 
2005).  The significant improvement in the quality of proteomic data in the last 
decade has provided the fundamental application for almost all basic research and 
application areas of wheat research.  Proteomics can be applied in quality-related 
wheat research and is an excellent integrated strategy for qualitative and 
quantitative aspects of protein composition (Mamone et al., 2009).  Proteomic 
analysis of amphiphilic proteins and albumins/globulins has been applied to 
discover metabolic pathways and to define the physiological responses caused by 
natural or man-made mutations and/or introducing or silencing genes in the 
genome (Horváth-Szanics et al., 2006). 
The development of techniques to improve extraction, separation and 
identification of proteins and peptides is facilitating functional proteomics and the 
analysis of sub-proteomes from small amounts of starting material, such as seed 
tissues (Finnie et al., 2011; Jorrin et al., 2007; Miernyk and Hajduch, 2011).  The 
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combination of proteomics with structural and functional analysis is increasingly 
applied to target subsets of proteins. These ‘‘next-generation’’ proteomics studies 
differentiate between spatial subproteomes and functional subproteomes.  They 
contribute to the understanding of the processes controlling cereal grain 
development, nutritional and processing characteristics, as well as the changes 
caused by biotic (Kav et al., 2007) and abiotic stresses (Hashiguchi et al., 2010).  
The importance of abiotic stresses caused by global climate change has particular 
significance in the future of agriculture and food industries.  Advances in crop 
proteomics provide the basis for interpreting changes in the grain as a result of 
climatic factors, including photosynthetic stress, air pollutants, thermal stress 
including heat and cold, osmotic stress (drought, salt, flooding), and heavy metal 
stress to help to eliminate or to reduce the negative effects of these factors on the 
food production chain (Finnie et al., 2011). 
Proteomic applications in food technology focus on the characterisation and 
standardisation of raw materials, including selection of parents for crossing in 
breeding (glutenin allele identification), variety identification, regulation of grain 
development and detection for variations and quality control of the final product 
(Carbonaro, 2004; Gaso-Sokac et al., 2010; Mamone et al., 2009; Pischetsrieder 
and Baeuerlein, 2009).  Food safety, especially in regard to biological and microbial 
safety and the use of genetically modified foods are also important aspects. 
The knowledge of starch biosynthesis in wheat has led to the development of 
wheat varieties with better nutritional properties and lower calorie cereal-based 
foods. The understanding of the relationships among metabolic pathways helps to 
break the inverse relationship between harvest yield and protein content, in order to 
maintain a high level of production with better quality source material for the 
industry.  Improved knowledge of the effects of biotic stresses on the protein 
composition and the protective mechanisms of the plant have direct relationships to 
food safety.  Better understanding of the effects of genetic and environmental 
factors on the expression and deposition of different proteins leads to the 
production of wheat varieties with better end-use quality, higher nutritive value and 
less harmful effects for sensitive individuals. 
Data adopted from a recent publication (Juhász et al., 2013) are shown in 
Appendix 1 illustrating the wide range of applications of different proteomic 
techniques in wheat research.  The list of the original publications cited in the table 
of Appendix 1 is given also in the Appendix 1. 
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1.5 The Wheat Grain Subproteome and Health 
Obesity, type II diabetes, cardiovascular diseases, stroke and cancer are 
diseases associated with nutrition (Ottoboni and Ottoboni, 2002).   These diseases 
are termed modern nutritional diseases because scientific studies and biochemical 
facts clearly point to the modern heart-healthy diet as a major underlying cause of 
these diseases. 
Human beings have evolved to eat the most varied diet but the limited nature of 
our modern dietary habits and the metabolic functioning of our bodies can lead to 
chronic health problems.  Limiting the variety of human foods, as prescribed by fad 
diets, can lead to serious health risks (Ungard and Teaford, 2002). 
The functioning of the immune system, like most systems in the body, is 
dependent on proper nutrition.  It has long been known that severe malnutrition 
leads to immunodeficiency. Over-nutrition is also associated with diseases such as 
diabetes and obesity, which are also known to affect immune function.  More 
moderate malnutrition, as well as certain specific trace mineral and nutrient 
deficiencies, can also compromise the immune response (Suskind et al., 1994). 
For more than 7,000 years, mankind has cultivated and developed wheat for 
breads and cereals.  Today, beside rice, people consume more wheat-based food 
products in our daily diet, so the effects of wheat on our health are thus important to 
understand (Ness, 2010).  For instance, gluten intolerance, wheat allergy and celiac 
disease (CD) are all related categories of digestive and immune system disorders 
that have become increasingly familiar to anyone following modern trends in human 
health (Czapp, 2006). 
 
1.5.1 Disease Syndromes in the New Millennium 
This is the era of the immune system, where the percentage of the world's 
population suffering from the debilitating effects of immune-based degenerative 
diseases and disorders is growing rapidly (Bjarnson, 2010).  Modern research is 
beginning to reveal links between dysfunctions of the immune system and other 
common diseases such as cancer and type I and type II diabetes.  Even problems 
as seemingly unrelated as chronic foetal miscarriages are now being linked to 
immune system dysfunctions. 
There are three types of disorders of the immune system: immune deficiencies, 
autoimmunity and hypersensitivity.  Immune deficiencies occur when one or more 
of the components of the immune system is inactive.  Obesity, alcoholism, drug 
abuse and malnutrition are the common causes of immune deficiencies.  Immune 
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deficiencies can also be inherited or acquired.  Disorders stemming from immune 
deficiencies include AIDS and cancer.  Autoimmune disorders result from over-
reactive immune responses causing the immune system to fail to properly 
distinguish between self and non-self, hence attacking its own cells and tissues.  
Prominent examples of autoimmune disorders include CD, diabetes mellitus type 1, 
systemic lupus erythematosus, Sjogren's syndrome, Churg-Strauss syndrome, 
Hashimoto's thyroiditis, Graves' disease, idiopathic thrombocytopenic purpura and 
rheumatoid arthritis (Australian Society of Clinical Immunology and Allergy, 2010). 
Hypersensitivity (also called hypersensitivity reaction) refers to damaging, 
discomfort-producing and sometimes fatal reactions produced by the normal 
immune system.  They are divided into four classes (Type I – IV) based on the 
mechanisms involved and the time course of the hypersensitive reaction (Gell and 
Coombs, 1963).  Syndromes and disorders related to hypersensitivity include 
anaphylaxis, atopy, multiple sclerosis and Goodpasture's syndrome.  
Type I hypersensitivity is an immediate or anaphylactic reaction, often associated 
with allergy. Symptoms can range from mild discomfort to death. Type I 
hypersensitivity is mediated by IgE, which triggers degranulation of mast cells and 
basophils when cross-linked by antigen (Ghaffar, 2010).  Type II hypersensitivity 
occurs when antibodies bind to antigens on the patient's own cells, marking them 
for destruction. This is also called antibody-dependent (or cytotoxic) 
hypersensitivity, and is mediated by IgG and IgM antibodies.  Immune complexes 
(aggregations of antigens, complement proteins, and IgG and IgM antibodies) 
deposited in various tissues trigger Type III hypersensitivity reactions.  Type IV 
reactions are involved in many autoimmune and infectious diseases. These 
reactions are mediated by T cells, monocytes and macrophages.  Type IV 
hypersensitivity (also known as cell-mediated or delayed type hypersensitivity) 
usually takes between two and three days to develop.   
 
1.5.2 The Immune System 
An immune system is a system of biological structures and processes within an 
organism that protects against foreign antigens.  It detects a wide variety of agents, 
from viruses to parasitic worms, and needs to distinguish them from the organism's 
own healthy cells and tissues in order to function properly. 
The immune system consists of white blood cells, cell products, and other 
substances (Figure 1.11).  Cells of the immune system originate from stem cells, 
which are sub-divided into lymphoid stem cells (lymphocytes) and myeloid 
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progenitors (granulocytes).  Lymphocytes include B cells (B for bone marrow, 
where they originate), T cells (T for thymus, where they mature) and less abundant 
natural killer cells. Other white blood cells include granulocytes (neutrophils, 
eosinophils, and basophils) and monocytes (dendritic cells and macrophages).  
 
Figure 1.11: Origin and differentiation of cells of the immune system (Todar, 2012). 
 
The immune system consists of innate (humoral or non-specific) and adaptive 
(cellular or specific) immunity (Figure 1.12).  Innate immunity is mediated by soluble 
antibody proteins produced by B lymphocytes, while adaptive immunity is mediated 
by T lymphocytes (Figure 1.13).  Antibodies participate in immunity either by directly 
neutralising extracellular microbes or by activating complement and certain effector 
cells (polymorphonuclear neutrophils and macrophages) to kill microorganisms.  T 
cells can either directly lyse targets (cytotoxic T cells) or orchestrate the immune 
response of other cells to clear invading microbes by producing soluble protein 
mediators called cytokines. 
When a pathogen breaches the physical barriers such as skin cells, the innate 
immune system provides an immediate, but non-specific response, meaning these 
systems respond to pathogens in a generic way (Bruce et al., 2002).  This system 
does not confer long-lasting immunity against a pathogen. The innate immune 
system is the dominant system of host defence in most organisms (Litman et al., 
2005). 
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If pathogens successfully evade the innate response in organisms, the adaptive 
immune system is then activated.  This response is antigen-specific and requires 
the recognition of specific “non-self” antigens during a process called antigen 
presentation.  When an antigen enters an organism, the macrophages cycle in, 
engulf and digest the antigen to peptides.  The macrophages then present these 
peptides on the cell surface and are known as antigen presenting cells (APC) (Roitt 
and Delves, 2001). 
  
 
Figure 1.12:  Schematic of the immune system: humoral immunity (left), and 
cellular immunity (right) (Castillo, 2005). 
 
There are two types of peptide presentation on APC: major histocompatibility 
complex (MHC) class I and MHC class II.  MHC class I present smaller peptides (8-
10 amino acids) on the MHC cleft, which is recognised by T-cell receptor CD8, 
while MHC II present longer peptides (10-18 amino acids) which are recognised 
by CD4 T-cell receptors.  MHC presents fragments of antigens to T cells for 
proliferation of B and T cells to remove foreign antigens (Roitt and Delves, 2001).  
Antigen specificity allows for the generation of responses that are tailored to 
specific pathogens or pathogen-infected cells. The ability to mount these tailored 
responses is maintained in the body by "memory cells". Should a pathogen infect 
the body more than once, these specific memory cells are used to quickly eliminate 
it.  
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Figure 1.13:  The human immune response system.  
 
1.5.3 The Immune Response to the Wheat Grain 
Subproteome 
The spectrum of “gluten”-related disorders can be divided into three main 
groups: autoimmune, allergic and non-autoimmune allergic disorders.  The 
autoimmune and the allergic disorders are relatively well described; however, 
further studies are needed to reveal mechanisms related to the diverse symptoms 
of allergic reactions.  The autoimmune disorders include CD (Anderson and Wieser, 
2006), gluten athaxia and dermatitis herpetiformis (Lauriere et al., 2006).  The 
allergic reactions involve respiratory allergy (Amano et al., 1998), food allergy (Mills 
et al., 2004), wheat-dependent exercise-induced anaphylaxis (WDEIA) (Armentia et 
al., 1990) and contact urticaria. 
There is a considerable variation in the levels of wheat allergy reported in the 
literature.  In the past decades the prevalence of sensitivity to wheat among 
children and adult patients has reportedly increased to levels of approximately 15-
20% of the human population, presenting a major health problem in industrial 
countries (Hischenhuber et al., 2006).  CD primarily affects the Caucasian 
population of countries where wheat, rye, and/or barley are important nutrients 
(Corazza et al., 1995).  Gluten sensitivity is uncommon in Africa, and only rare 
cases have been identified from Eastern and Southern Asia.  About 15-20 years 
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ago, the reported cumulative incidence rate of CD in Europe differed widely, 
ranging from 1:400 to 1:12,800 births.  However, with the development of diagnostic 
tools, the reported prevalence rates have reached the 1:100 - 1:300 in European 
countries (Anderson and Wieser, 2006; Greco et al., 1992).  Clinical symptoms of 
wheat allergy are often similar to those of CD (urticaria, atopic dermatitis, nausea, 
vomiting, diarrhoea, rhinitis and anaphylaxis).  However, since their pathogenic 
mechanisms are different, their differentiation, diagnosis and treatment can be 
challenging.  The diagnosis of food allergy to wheat is often not well predicted by 
the increased level of serum-specific IgE caused by wheat consumption (Ortolani 
and Pastorello, 2006).  The true prevalence of food allergy is difficult to establish; 
however, research indicates the incidence is increasing in the population.  The 
prevalence of wheat sensitisation in a population based on specific IgE in several 
European countries indicated a slightly higher incidence of allergic reaction than 
that of sensitisation assessed by skin prick test (Rona et al., 2007). 
 
1.5.3.1 Celiac Disease and the Immune Responses to Gluten 
Antigens 
Symptoms of CD are triggered by an abnormal response of auto-antibodies, 
such as antibodies to tissue–transglutaminase (tTG), or antibodies against proline- 
and glutamine-rich wheat gluten proteins or their barley and rye homologues 
(Green and Cellier, 2007).  CD shows strong association with human leukocyte 
antigens (HLA)-DQ alleles and carriage of certain HLA-DQ molecules is the most 
important genetic factor to develop detrimental symptoms (Sollid et al., 2012).  
HLA-DQ heterodimers function as surface type receptor proteins bound to the 
surface of the antigen presenting cells.  The presence of HLA-DQ molecules such 
as DQ2.5, DQ8, DQ2.2 is known as a clear marker for developing autoimmune 
symptoms, with modifying effects coming from genetic and environmental factors 
(Anderson et al, 2000).  The different serotypes recognise different peptides.  A set 
of criteria can be defined for the structure of an active CD epitope (Sollid et al., 
2012):  
i) size of nine amino acid residues 
ii) presence of a tTG 2 enzyme binding site 
iii) environment surrounded by amino acid residues with defined charge 
and hydrophobicity  
The mechanism of the intestinal immune-mediated response in CD involves 
HLA-DQ2 and DQ8 haplotypes. 
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Upon exposure to gluten, the enzyme tTG modifies the glutamine-rich peptides, 
which result in binding capacity to the HLA-DQ2 or HLA-DQ8 and triggers a T-cell 
response in the bowel tissues (Figure 1.14), causing an inflammatory reaction 
(Counts and Sierpna, 2006; Kagnoff, 1992).  This inflammation leads to the 
flattening of the small intestine lining and interferes with the absorption of nutrients. 
 
Figure 1.14: Pathogenesis of celiac disease (TheGlutenSyndrome.net, 2009) 
 
Patients suffering from CD produce a range of autoimmune responses to several 
alpha- and gamma-gliadin, LMW and HMW glutenin peptides in the consumed 
wheat products (Howdle, 2006).  There is no known treatment for CD, the only 
effective prevention strategy is a lifelong gluten-free diet (Ciclitira et al., 2005b; 
Counts and Sierpna, 2006). 
 
1.5.3.2 Allergic Reactions to Wheat Grain Proteins 
The development of wheat allergies is mediated more directly by the recognition 
of allergens by specific IgE epitopes bound to mast cells (Catassi and Fasano, 
2008). Depending on the route of the wheat allergen exposure, symptoms can be 
divided into symptoms of classic food allergy, WDEIA, occupational asthma and 
urticaria (Sapone et al., 2012).  Classic food allergy symptoms may affect the skin, 
gastrointestinal (GI) or respiratory tract.  While atopic dermatitis is mainly 
characteristic for children, WDEIA or urticaria was mostly identified in adults.  
Bakers’ asthma, one of the most prevalent respiratory allergies, is a significant 
symptom among adults working with wheat flour.  In wheat allergy, wheat seed 
proteins are broken down by endogenous proteases into short peptides that are rich 
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in glutamine and proline residues.  These peptides are presented on allergen-
presenting cells (Sapone et al., 2012) and is detected by IgE.  The interactions 
between the IgE and the antigen stimulate basophils and mast cells to release 
chemical mediators, such as histamines, resulting in different categories of 
inflammatory reactions.  The allergenic regions of proteins recognised by the 
binding sites of IgE molecules are called IgE-binding epitopes.  These epitopes can 
be classified into two categories, conformational and linear epitopes, with both 
types being involved in the development of allergic reactions (Akagawa et al., 
2007). 
 
1.5.3.3 Irritable Bowel Syndrome and its Relationship to 
Fructose Malabsorption and Gluten Intolerance 
Irritable bowel syndrome (IBS) is known to affect 5-12% of the general 
population (Hillila and Farkkila, 2004; Hungin et al., 2003) and is characterised by 
functional gut symptoms including abdominal pain, bloating, flatus and altered 
bowel habits (Drossman et al., 1997). 
As was discussed above, ingestion of foods containing wheat and other related 
cereals can induce GI symptoms by either immunological or non-immunological 
mechanisms. Severe GI symptoms occur in CD as a result of an IgE-mediated 
hypersensitivity reaction to wheat proteins.  In other cases of wheat-induced Gl 
symptoms, whose aetiology cannot be established, a general intolerance to wheat 
is advocated.  Patients suffering from Gl symptoms after ingestion of wheat had IgE 
binding to soluble and insoluble wheat proteins, as demonstrated by 
immunoblotting (Simonato et al., 2001).  The results suggest that the symptoms 
were related to a food allergy to wheat. 
It was shown that conventional methods used for the diagnosis of IgE-mediated 
hypersensitivity are inadequate for the allergological screening of patients showing 
adverse reactions to foods containing wheat.  This could explain why IgE-mediated 
enteropathy from wheat has been rarely reported.  For the atopic patients, a 
positive reaction to a skin prick test to wheat was in accordance with the 
immunoblotting results and a food allergy to wheat could be diagnosed.  In these 
patients a major allergen was a 16-kDa band corresponding to members of the 
cereal α-amylase/trypsin inhibitor protein family, the major allergens involved in 
baker's asthma.  In the non-atopic patients the positive immunoblotting results 
contrasted with the responses of the allergologic tests, indicating that the allergenic 
wheat protein preparations currently used are of limited value in detecting specific 
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IgE to wheat and that the fraction of IBS patients with food allergy may be larger 
than believed. 
Despite the clear evidence of health benefits for some short chain carbohydrates 
(SCC) there is a proportion of the general population who are ‘intolerant’ to the 
malabsorption of SCC in the small intestine.  Gibson and Shepherd (2005) have 
grouped these potentially problematic SCC together and named them FODMAPs 
(Fermentable Oligosaccharides, Disaccharides, Monosaccharides, And Polyols).  
FODMAPs are found in a wide variety of foods and include lactose (in milk), 
fructose in excess of glucose (in pears, apples and honey), fructans and FOS (in 
artichoke, garlic, onions, rye, wheat), GOS (stachyose and raffinose in pulses), and 
sugar polyols (mannitol and sorbitol in stone fruits and artificial sweeteners) (Gibson 
and Shepherd, 2005). 
A comprehensive food composition database that lists the content of FODMAPs 
and naturally found prebiotics in processed grain and cereal products has been 
published recently (Biesiekierski et al., 2010; Haska et al., 2008; Huynh B. L. et al., 
2008; Muir et al., 2007).  The fructan content (g/100 g) in wheat was found to range 
from 1.5 ± 0.2 in flour to 3.6 ± 0.5 in weatings (bran with endosperm attached) and 
3.7 ± 0.3 in bran (Haska et al., 2008). 
 
1.5.4 The Wheat Proteome and Human Health 
For a long time it was believed that CD was caused only by gliadin proteins, 
mostly by the so-called A-gliadin polypeptide.  In the light of the results of intensive 
research in the last 15 years, it is generally accepted today that patients suffering 
from CD produce a range of autoimmune responses to several alpha gliadin and 
gamma gliadin peptides as well as LMW and even HMW glutenin subunits 
(Anderson and Wieser, 2006; Howdle, 2006).  There are a number of different 
conditions that need to be realised simultaneously to provoke an autoimmune 
response (Anderson et al., 2000). Based on the knowledge of genetic, 
immunological, and biochemical mechanisms of CD, a set of criteria can be defined 
for the structure of an active CD epitope (Sollid et al., 2012). 
Independent from the pathology of the disorder, most of the causative allergens 
are members of the prolamin superfamily. The prolamin superfamily contains the 
highest number of allergens of all allergic protein superfamilies (Radauer and 
Breiteneder, 2007).  Four of its eight member families, prolamins, nsLTPs, -
amylase/protease inhibitors and 2S albumins, contain allergens (Breiteneder and 
Radauer, 2004).  The identification of the existence of the prolamin superfamily was 
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based on the discovery of the presence of a conserved cysteine skeleton Cys-Xaan-
Cys-Xaan-Cys-Cys-Xaan-Cys-Xaa-C-Xaan-Cys-Xaan-Cys (Breiteneder, 2008). 
Characterisation of the wheat allergen epitopes bound to IgE antibodies is essential 
for understanding the mechanisms of wheat allergy related symptoms as well as for 
the development of new tools in allergy predictions.  Wheat grain proteins that have 
been shown to interact with IgE include thioredoxin, wheat germ agglutinin, 
peroxidase, triosephosphate isomerase, serpins and glyceraldehyde-3-phosphate 
dehydrogenases (Tatham and Shewry, 2008). 
The often contradictory literature about the contribution of different soluble and 
gluten proteins to different wheat-related disorders such as CD, wheat allergy 
(Akagawa et al., 2007; Armentia et al., 1993), dermatitis hepatiformis (Blades, 
1997), WDEIA (Battais et al., 2005b; Battais et al., 2003; Matsuo et al., 2008; 
Pastorello et al., 2007) and bakers’ asthma (Gómez et al., 1990; James et al., 1997; 
Mittag et al., 2004; Palosuo, 2003) has been critically reviewed (Islam et al., 2012; 
Juhász et al., 2014; Tatham and Shewry, 2008). 
In the last 10 years intensive research and development has been carried out in 
cereal science and the food industry to deal with wheat-related health disorders 
(Islam et al., 2012). This activity covers a wide range of topics:  
i) analytical and labelling issues in relation to gluten content; 
ii) creation of formulations with functionality similar to wheat gluten; 
iii) identification of less harmful wheat varieties and wheat relatives 
(Klockenbring et al. 2001; Nakamura et al. 2005; Spaenij-Dekking et 
al. 2005; van Herpen et al. 2006); 
iv) methods and technologies to reduce the level of harmful compounds 
in wheat-based products, such as the use of different enzymes 
and/or sourdough.  
As far as production of harmless wheat for CD patients is concerned, the more 
we understand about the cause/mechanism of the problem, the better the likelihood 
of identifying wheat or wheat relatives that contain low (or no) toxic epitopes in the 
storage proteins (Howdle, 2006).  When only gliadins were expected to be harmful, 
it seems that non-toxic wheat can be developed by switching off the gliadin genes 
in wheat (Piston et al., 2011).  The functional properties of other cereals such as 
corn (Sangtong et al., 2002) and rice (Oszvald et al., 2007) can be improved by 
introducing glutenin genes into them to replace wheat for certain baked products.  
Today we know that any prolamin protein holds certain toxicity for sensitive 
individuals (Howdle, 2006). 
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The composition and structure of gluten proteins, both gliadins and glutenin 
subunits, is such to optimally store nitrogen for the germinating seed.  Therefore the 
high level of glutamine in the proteins is directly related to its function.  For the 
special deposition of these proteins, the proline-stabilised -sheet secondary 
structure is also a key characteristic and therefore the repetitive domains of any 
prolamins are rich in proline too.  Practically all of the toxic epitopes contain these 
two amino acid residues in a wide range of sequence combinations (Sollid et al., 
2012). 
While this unfortunately sceptical view is accepted nowadays, there are 
opportunities to develop healthier wheat products.  There are two realistic aims in 
this regard: 
1. While it is practically impossible to produce non-toxic wheat for celiacs, it 
seems that there is a reasonably wide range of sensitivity among patients; thus 
targeting a low(er) gluten content, and/or low(er) level of toxicity might help some 
individuals. 
2. CD is a serious disorder but its prevalence is around 1/7 of that of wheat 
intolerance.  Wheat allergy is a less harmful but quite frequent disorder altering the 
quality of life of a large population.  In contrast to CD, where the toxic epitopes 
occur only in the prolamins, the epitopes responsible for allergenicity can be found 
both in the wheat prolamins and the soluble proteins (Juhász et al., 2012).  Based 
on the results of research in the last decade, non-allergenic mutants of several 
allergenic proteins can be found in different wheat-related species (for example in 
spelts), the products of which are harmless for a large population of wheat-sensitive 
individuals. 
Some examples of research activities carried out in this area are shown here: 
Van Herpen et al., (β006) investigated the α-gliadin genes present in the A-, B- and 
D-genome ancestral species in order to specifically examine variation in CD 
epitopes in the -gliadin gene family (Van Herpen et al., 2006).  Molberg et al., 
(2003) and Spaenij-Dekking et al., (2005) used T-cell and antibody-based assays to 
demonstrate that a large variation exists in the amount of CD4 T- cell stimulatory 
peptides present in α- and Ȗ-gliadins and glutenins among diploid, tetraploid and 
hexaploid wheat accessions (Molberg et al., 2003; Spaenij-Dekking et al., 2005).  
Van Herpen et al., (β006) demonstrated that α-gliadin sequences from the three 
genomes of bread wheat form distinct groups. The four known T- cell stimulatory 
epitopes are distributed non-randomly across the sequences, indicating that the 
three genomes contribute differently to epitope content.  It is evident that breeding 
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strategies can be designed to generate less toxic varieties of wheat, which may be 
tolerated by at least part of the CD patient population. 
The protocol developed for breeding application of screening CD-epitopes (e.g. 
Glia-9 and Glia-20) claiming that the application has the potential to produce a 
decreased exposure (Van den Broeck, 2010).  A similar concept with a completely 
different solution is the one used in different laboratories (Piston et al., 2011) to 
reduce the amount of active gliadin genes in the wheat lines generated by using a 
genetic engineering approach.  Nevertheless, many gliadins contain large number 
of toxic epitopes and the fact that both LMW and HMW glutenin polypeptides also 
contain toxic epitopes make the task of producing wheat lines with no toxicity but 
optimum functionality impossible. 
Pizutti et al. (2006) evaluated the toxicity of T. monococcum on small intestinal 
mucosa, using an in vitro organ technique.  Distal duodenum biopsies of 12 treated 
celiac patients and 17 control subjects were cultured for 24 hours with T. aestivum 
gliadin (1 mg/mL) or with T. monococcum gliadin (1 mg/mL).  Each biopsy was 
used for conventional histological examination and for immunohistochemical 
detection of CD3 + intraepithelial lymphocytes (IELs) and HLA-DQ. Secreted 
cytokine protein interferon-gamma (IFN-gamma) was measured in the culture 
supernatant using an ELISA.  Significant morphological changes, HLA-DQ over-
expression in the crypt epithelium and an increased number of CD3 + IELs found 
after bread gliadin exposure were not observed in celiac biopsies cultured with T. 
monococcum gliadin (Pizzuti et al., 2006).  In contrast, with bread gliadin, there was 
no significant IFN-gamma response after culture with T. monococcum gliadin.  
Similarly, biopsies from normal controls did not respond to bread or T. monococcum 
gliadin stimulation.  The authors claimed that based on this in vitro data on a very 
limited number of cases the toxicity of T. monococcum gliadin is lacking in an in 
vitro organ culture system, suggesting new dietary opportunities for celiac patients. 
Vincentini et al. subjected the prolamin fraction from nine T. turgidum spp. 
dicoccum wheat landraces to peptic-tryptic digestion and supplied them to T-cells 
from mucosal explants of four celiac patients (Vincentini et al., 2009; Vincentini et 
al., 2007).  Immune reactions in terms of cell proliferation and INF-gamma secretion 
by intestinal T lymphocytes were then determined.  T-cell lines exposed to digested 
prolamins from landraces L5563, L5558 and L5540 showed negligible proliferative 
responses and released INF-gamma amounts similar to that of untreated control 
cells.  By contrast, landraces Ersa 6, Ersa 8, Leonessa 4 and Leonessa 5 proved to 
be very active in triggering the immune responses, whereas landraces Filosini and 
Prometeo exhibited an intermediate behaviour.  It was concluded that 'dicoccum' 
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wheat represents a heterogeneous species showing a wide variation in both 
prolamin composition and T-cell immunological activation, some 'dicoccum' 
landraces being poor or devoid of noxious gluten proteins. 
Studies on wheat variation in immunologically relevant properties have been 
carried out using pooled sera containing specific IgE antibodies to cereal flours and 
pollen. The reactivity of IgE, IgA, IgG1 and IgG4 directed against water-soluble 
protein fractions from five wheat and spelt varieties was investigated by 
immunoblotting and ELISA (Klockenbring et al., 2001).  Variety-specific 
characteristics with respect to binding capacity and polypeptide patterns were found 
to be most pronounced in IgA and IgE specific assays.  Binding capacities of native 
and denatured cereal proteins differed considerably. The IgA, IgE and IgG1 
immunoglobulins were found to bind higher portions of denatured proteins than 
IgG4. Microheterogeneity among water-soluble proteins of cereal varieties was also 
found to affect the binding properties of the immunoglobulins.  The study indicated 
significant differences in antigenicity and perhaps allergenicity of cereal varieties.  
In a survey of a worldwide collection of 324 wheat varieties, several varieties 
showed significantly lower values for allergenicity than the mean values for the 
different protein classes.  These varieties were 'CM32859' (Mexico) 'Hinkorn' 
(Unknown), 'WnJaza' (Ecuador), 'Hsin Mai 2' (China) (Nakamura et al., 2005).  The 
variety 'Italy l' (Italy), in particular, was identified as a potentially valuable parent in 
breeding programs aiming for low allergenicity.  The screen by Nakamura et al., 
(2005) was based on inhibition ELISA to assay the major wheat allergens (glutenin, 
gliadin and -amylase inhibitor) using the patient's IgE that reacted to these three 
allergens (Nakamura et al., 2005). 
T. turgidum ssp. turanicum is an ancient relative of modern durum (pasta) wheat 
(T. turgidum ssp. durum) which originated in the Middle East thousands of years 
ago.  Today, this cereal is traded worldwide under the name Kamut® for use in the 
production of pasta, baked goods and frozen meals.  Kamut is frequently 
recommended as an excellent dietary substitute for wheat because of subjective 
evidence for its low allergenicity (see for example http://www.kamut.com), although 
clear evidence for this claim has not been established (Simonato et al., 2002). 
There has been anecdotic clinical evidence for a long time that a large proportion 
of non-celiac patients suffering wheat-related health disorders can tolerate products 
made from certain spelt varieties.  Recently the first research paper with robust 
experimental and statistical results also demonstrated this important observation 
(Armentia et al., 2012).  
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1.6 Thesis Objectives 
Quality-related wheat research drastically changed in the last decades – as did 
cereal science generally. Genetics, molecular biology and bioinformatics became 
part of this strongly interdisciplinary field.  Transcript profiling proved to be a 
valuable resource for better understanding of the biology of the developing grain 
and for improvement of yield and quality traits for different environments. Genomic 
and proteomic approaches become essential not only in quality-related basic 
research but in applied areas such as pre-breeding, breeding, quality control and 
assurance in the food industry.  With recent improvements in knowledge of 
genetics, gene expression and proteins of wheat obtained through genomics, 
transciptomics and proteomics, huge amounts of data are available in the public 
domain, such as in online databases.   The introduction of population-based genetic 
techniques required a substantial alteration and improvement in characterising the 
quality-related phenotypes: more objective and more reproducible, higher 
throughput and cost-effective methods had to be developed. 
Until recently, the term ‘superior bread-making quality’ usually covered only 
quality attributes such as loaf volume and textural parameters directly related to 
properties of the end-product.  These characteristics are directly related to the 
balance of dough strength and extensibility while these key parameters of dough 
rheology are mostly determined by the qualitative and quantitative aspects of the 
prolamin composition of the flour. 
While there has been an enormous amount of work on relating dough rheology 
to the complement of gliadin and glutenin proteins, we have much more  limited 
information on the quality-related effects of other flour components such starch, 
non-starchy carbohydrates, lipids and soluble proteins.  Albumins and globulins, 
mostly metabolic proteins, represent more than 10 percent of the total protein of 
wheat flour and contribute substantially to the overall quality of wheat products.  
Among their important overall role in relation to water absorption of the flour, 
several enzymes and enzyme inhibitors related to this group play major roles in 
determining important quality attributes.  The importance of soluble proteins in 
relation to quality has increased significantly in the last decades when new aspects 
of quality have been underlined by customer demand: nutritive and health-related 
aspects of wheat quality became an extremely important issue and the role of 
soluble proteins in this aspect has been recognised. 
The overall objective of the work described in this thesis was to generate critical 
new data on the wheat soluble protein proteome and provide further information on 
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the differences in soluble proteins between wheat and wheat-related species.  The 
goal was not to describe in great detail the proteome of a single variety, which is 
possible using 2D techniques (Vensel et al., 2005), but to take a broader view of a 
large range of wheat varieties and other Triticum species.  This was achieved by 
utilising techniques that are sufficiently high-throughput and relatively inexpensive 
to characterise proteins in the soluble fraction and provide knowledge of this 
subproteome in relation to various quality attributes. 
Recently, the increase in demand for baked products, not only from common 
bread wheat (T. aestivum) but also from related species such as T. spelta, raised 
the following question. What are the differences between the two species in relation 
to protein composition?  The attempt in Chapter 3 to compare soluble proteins of T. 
aestivum and T. spelta within and between wheat and spelt helps to provide some 
answers.  The validity or importance of this approach is further investigated in 
Chapter 5 for sensitivity and immune-reactivity between wheat and spelt samples.  
Since the focus of this work is on bread wheat and bread-making qualities, T. 
aestivum and T. spelta were intensely characterised in Chapter 3 and Chapter 5; 
data related to other species such as T. turgidum durum for pasta qualities were not 
examined. 
Following the general literature review (Chapter 1), Chapter 2 describes the 
general materials and methods used in the experimental work for protein extraction, 
separation and visualisation. 
Chapter 3 examines the differences in the soluble proteins of wheat and spelt in 
comparison to closely related species and progenitors.  Albumin and globulin 
polymorphisms are analysed based on protein separation using native and 
denatured gels.  Relationships are statistically examined for significant contribution 
of group/s of soluble proteins. 
Chapter 4 explores the polymorphisms of amylases in the Australian wheat 
varieties by IEF zymogram and immunoblotting.  The majority of proteins in the 
soluble subproteome are metabolic and functional proteins. For many of these, 
enzymatic activity can be retained following native PAGE separation.  Amylases are 
one of the major proteins in the soluble fraction and are known to be important in 
grain development as well as quality.  Late maturity -amylase (LMA) is a genetic 
defect and can lead to unacceptable high levels of -amylases in mature grain.  
This defect represents a serious problem for the wheat growers.  This chapter also 
investigates the protein expression of amylases in LMA-prone, LMA-resistant and 
LMA wheat varieties. 
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Chapter 5 investigates the prevalence of wheat sensitivity in the Australian 
population and compares the immune-reactivity between wheat and spelt proteins.  
Additionally, immune-reactivity of individuals who suffered from CD and IBS are 
also examined with respect to wheat soluble proteins. 
Chapter 6 is a general discussion on the findings and conclusions of the thesis.  
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Materials and Methods 
2.1 Plant materials 
A survey group of 196 varieties and accessions representing diploid, tetraploid 
and hexaploid wheats of Triticum and related species was compiled for albumin and 
globulin subproteome analysis (Appendix 2).  Grain samples of exotic diploids (A. 
speltoides, T. monococcum, T. monococcum boeticum, T. searsii, T. urartu and T. 
tauschii), tetraploid (T. turgidum durum, T. turgidum dicoccoides and T. timopheevi 
araraticum) and hexaploid (T. vavilovii, T. aestivum macha and T. aestivum 
compactum) species were obtained from the Australian Winter Cereals Collection 
(NSW Department of Primary Industries (DPI), Tamworth).  Australian durum wheat 
varieties were provided by Dr. Mike Sissons (Tamworth Agriculture Institute, NSW 
DPI).  Two commercial and 58 breeding lines of T. spelta were provided by Dr. 
David Luckett (Wagga Wagga Agriculture Institute, NSW DPI). One additional 
commercial line of T. spelta and a sample of T. turgidum turanicum (Kamut®) were 
provided by Dr. Dai Suter and Dr. Férénc Békés (George Weston Foods).  
Conventional wheat varieties were provided by Associate Professor Neil Howes 
(Plant Breeding Institute (PBI), University of Sydney) and Associate Professor Daryl 
Mares (University of Adelaide).  Landraces of T. aestivum and T. aestivum 
sphaerococcum from the Watkin’s Collection were provided by Associate Professor 
Harbans Bariana (PBI, University of Sydney). One sample of Secale cereale (white 
rye) and six breeding lines of Triticosecale (triticale) bred from the CIMMYT 2002 
International Nursery were provided by Mr. Jeremy Roake (PBI, University of 
Sydney).  All grains were stored in paper envelopes or plastic bags at 4oC until use. 
 
2.2 Protein Extraction Procedure 
The soluble proteome fraction of wheat grains were obtained using a modified 
version of the Osborne protocol (Scholz et al., 2000).  Wheat grains (200 mg) were 
weighed out, crushed and soaked [5:1 v/w] in deionised water for 30 min with 
constant shaking at room temperature using an IKA stone shaker (Sigma-Aldrich).  
The samples were vortexed every 10 min.  The soaked grains were centrifuged at 
13,000 g for 10 min (Eppendorf Centrifuge 5415R, Germany).  The supernatant 
was removed to give the albumin (water-soluble) extracts.  The pellet was washed 
Chapter 2 
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[4:1 v/w] twice in deionsed water for 5 min.  The pellet was re-suspended [4:1 v/w] 
in 0.5 M NaCl (Anivar, Australia) with shaking at room temperature for 30 min.  The 
solution was centrifuged and the supernatant removed to give the globulin (salt-
soluble) extracts. 
 
2.3 Protein Determination 
Protein concentrations were determined by the bicinchonic acid (BCA) assay 
(Pierce, USA) using fraction V bovine serum albumin (Boehringer Mannheim) as a 
standard at concentrations of 0-10 mg/mL.  Aliquots (25 L) of the standard 
solutions and of the unknown samples were loaded onto a 96-well BCA microtitre 
plate (Cooke, USA) and covered with 200 L of BCA assay solution at a ratio of 
50A:1B (solution A:solution B) for 2 h at room temperature.  The results were read 
on the LabSystems iEMS Reader MS (Germany) at an absorbance of 540 nm and 
analysed using Ascent software. 
 
2.4 Protein Separation 
2.4.1 Electrophoresis Setup 
2 x 2 Hoefer 18 x 16 cm glass plates (GE Healthcare, Australia) or 10.2 x 8.3 cm 
mini plates per gel were cleaned with 70% ethanol then clamped together with 0.75 
mm spacers between them.  The clamped plates were placed into a Hoefer SE600 
gel casting unit or Hoefer dual gel caster SE245 for mini gels.  Resolving gels were 
prepared (Appendix 3 section 1) and loaded between the clamped plates using a 
syringe (11 cm for slab gels and 5 cm for mini gels from the bottom).  A small 
volume of saturated butanol (Lab Scans) was overlaid on the acrylamide solution to 
ensure a flat even surface and to create an anaerobic environment for 
polymerisation.  After 30 min of setting time, the butanol was removed by flushing 
with RO water and the gel solutions were dapped with blotting paper to remove 
traces of water.  Stacking gel (Appendix 3 section 1) was used to fill the plates and 
Hoefer 20-tooth combs (10 for mini gels) were inserted into the liquid stacking gel to 
create the sample loading wells.  The gels were allowed to set for 15 min and the 
combs removed.  The wells were rinsed with running buffer (Appendix 3 section 1) 
using a syringe equipped with a 24G needle.  Samples were then pippetted into 
wells using Hydrologix gel loading tips (Molecular Bio Products, USA). 
For running of slab gels, 4 L of 1x Laemmli running buffer (Appendix 3 section 1) 
was prepared in which 3 L was poured into the lower buffer tank of the Hoefer 
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SE600 Ruby vertical electrophoresis running unit (Amersham Biosciences, 
Sweden), which had been placed on a magnetic stirrer (Clifton Cerastir, Australia) 
and connected to a Thermo Haake Multitemp III cooling unit (Pharmacia Biotech, 
Sweden) set at 12oC.  A spinner bar was placed into the tank to ensure uniform 
mixing.  The loaded gels were removed from the gel-casting unit and clamped to 
the base of the upper buffer tank.  This assembly was then placed into the prepared 
lower buffer tank and the upper tank was carefully filled with the remaining running 
buffer.  A power supply unit (Amersham EPS 1001, GE Healthcare) was connected 
to the running unit and the gels were run at 60 mA until the dye front was eluted 
from the base of the gel.  The gels were then removed from the glass plates for 
either staining or blotting. 
For mini gels, 500 mL of Laemmli running buffer was prepared of which 100 mL 
was poured into the base of the Hoefer SE250 electrophoresis unit (GE 
Healthcare).  The gels were disconnected from the casting unit and clamped onto 
the electrophoresis running unit.  Buffer was added to the back of each gel until it 
covered the whole gel.  Samples were loaded onto the gels using gel loading tips 
and run at 30 mA until the dye fronts eluted from the gel.  Gels were removed from 
the glass plates and subjected to either staining or blotting. 
 
2.4.2 Protein Separation by SDS PAGE 
Protein extracts (50 g) were combined [1:1 v/v] with SDS loading buffer 
(Appendix 3 section 1) and boiled (100ºC) for 5 min prior to loading onto large slab 
12% polyacrylamide gel.  PageRuler® coloured molecular mass from 11 to 170 kDa 
(Fermentas) were included as standards.  Electrophoresis was carried out for 3 h at 
60 mA in SDS Laemmli buffer (Laemmli, 1970) using a Hoefer SE600 Ruby 
electrophoresis unit (GE Healthcare).  
 
2.4.3 Protein Separation by Native PAGE 
Protein extracts (50 g) were combined [1:1 v/v] with native loading buffer 
(Appendix 3 section 1) and loaded onto a large slab 12% polyacrylamide gel.  An 
extract from the variety Kukri was included in each gel as a mobility standard.  
Electrophoresis was carried out for 3 h at 60 mA in native Laemmli using a Hoefer 
SE600 Ruby electrophoresis unit (GE Healthcare). 
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2.4.4 Protein Separation by Isoelectric Focussing (IEF) 
The coolant (Huber) temperature was set at 10oC for at least 20 min prior to 
running the gels.  The Multiphor II unit (Amersham Biosciences, GE Healthcare, 
Australia) was cleaned with 70% ethanol (Ajax Finechem, Australia) and 1 mL of 
mineral oil (USB, USA) was spread on the plate.  The anode and cathode strips 
were soaked in anode and cathode buffers (Appendix 3 section 2).  The 
AmpholineTM PAGplate gels (GE Healthcare, Sweden) were set in the middle of the 
Multiphor II unit.  Bubbles were avoided and the anode and cathode strips were 
placed on top of the gel.  The well strips were placed onto the gels (approximately 
10 mm from the cathode) and sample proteins (50 g) were loaded.  IEF running 
conditions were set as described in Appendix 3 section 2. 
 
2.4.5 Protein Separation by 2D Electrophoresis 
Protein extracts were separated by 2D electrophoresis as described in Bulletin 
2651 (www.bio-rad.com) using the Bio-Rad immobilised pH gradient (IPG) strip kit. 
 
2.4.5.1 Sample Protein Preparation 
Equal volume of protein extract (~1 mg) and 20% cold tricholoacetic acid solution 
(TCA) were combined and precipitated at -20ºC for 1 h (Appendix 3 section 3).  
Samples were then vortex for 30 sec four times and centrifuged at 13,000 rpm for 
10 min.  Pellet was washed with 1 mL acetone wash buffer at -20ºC for three times 
using a centrifuge (13,000 rpm for 5 min) and air-dried at room temperature prior to 
dissolving in 250 L 2D sample buffer (without IPG buffer and bromophenol blue).  
Solution was centrifuged for 10 min at 13,000 rpm and the supernatant was 
transferred into a new tube. 
 
2.4.5.2 First Dimension – IEF 
Protein samples were mixed in 250 L 2D buffer (Appendix 3 section 3) with 2.5 
L IPG buffer (provided with the kit) and 1 mL bromophenol blue.  Protein samples 
(20 g) were loaded onto the 13 cm IPG strip.  The IPG strip was placed onto the 
IPGphor unit (Bio-Rad) with the gel side down and covered with 1 mL of mineral oil.  
Passive rehydration was performed for 15 h at 20ºC and IEF conditions with limit 
current of 50 A per IPG strip were set as follows: 
Rehydration   15 hrs (20oC) 
Step 1  300V  1 hr 
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Step 2  1000V  ½ hr 
Step 3  2500V  ½ hr 
Step 4  5000V  6 hrs 
Step 5  100V  hold step until ready for 2nd dimension 
 
2.4.5.3 Second Dimension – SDS PAGE 
SDS resolving gels were prepared (Appendix 3 section 1) and covered with 0.5% 
agarose overlay (Appendix 3 section 3).  IPG strips were removed from the 
IPGphor unit and placed into the IPG equilibration solution (Appendix 3 section 3) 
for 20 min.  The strips were then loaded onto the SDS PAGE gel along with a 
molecular marker and electrophoresis was carried out for 2 h at 60 mA. 
 
2.5 Protein Staining 
2.5.1 Silver Staining 
After electrophoresis, proteins were visualised by a silver staining (Blum et al., 
1987).  Gels were fixed overnight in a fixing solution (Appendix 3 section 4) and 
washed three times (20 min each) in 50% v/v ethanol in water.  Gels were pre-
treated with 0.02% w/v sodium thiosulfate (1 min followed by three washes with 
purified water) and impregnated with silver (20 min followed by three washes with 
purified water).  Protein bands were visualised in a developer solution.  The 
reactions were stopped by transfer of the gels into acetic acid solution.  Images of 
gels were captured using a scanner (CanoScan FB 1210U, Canon, Japan). 
 
2.5.2 Zymogram Detection of Amylase 
Following native electrophoresis or IEF, gels were washed briefly in water and 
incubated in 3% starch (heated to 35-40oC) for 10 min with rocking.  The starch 
solution was poured off and cooled for 1 min.  Amylase activities were made visual 
with Lugol’s solution (Appendix 3 section 4) and the reactions stopped with acetic 
acid solution. 
 
2.6 Genomic analysis 
2.6.1 DNA Extraction from Seed 
Grains were initially crushed in a Qiagen Mixer Miller before extraction with pre-
warmed TES (100 mM Tris-HCl pH 7.5, 50 mM EDTA pH 8.0, 1.25% SDS) solution 
at 65ºC [5:1 v/w].  Insolubles were precipitated with cold 6 M ammonium acetate 
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and the extracted DNA supernatants were precipitated with iso-propanol.  Traces of 
iso-propanol were removed with 70% ethanol and the DNA was dissolved in TE 
buffer (1% Tris-EDTA pH 8.0 and 0.02% RNase).  Extracted DNAs were subjected 
to PCR for amplifications of specific genes. 
 
2.6.2 Polymerase Chain Reaction 
Polymerase chain reactions were carried out in an Eppendorf Master Cycler 
(Bio-Rad) thermocycler, using total volumes of 10 L, comprised of 8 L of PCR 
supermix (Appendix 3 section 5), 150 ng of genomic DNA and 5 M of primers 
(Sigma).  The samples were subjected to initial denaturation at 94ºC for 3 min, 
followed by 35 cycles of 30 sec of denaturation at 94ºC, 30 sec of annealing at 
54ºC for both primer pairs, and 30 sec of extension at 72ºC, then a final extension 
at 72ºC for 10 min.  The PCR products were further subjected for CelI digestion 
(Appendix 3 section 5) and 8 L aliquots of the PCR products (following CelI 
digestion) were separated on 2% agarose gels containing ethidium bromide for 25 
min at 120 V.  The PCR products were made visible under UV light using the 
Ultraviolet Transilluminator BioImaging System Gel (Path Tech).  
  
2.7 Immunological analysis 
2.7.1 ELISA 
2.7.1.1 Indirect ELISA 
Indirect ELISA procedures were carried as follows (Figure 2.1).  Microtitre plates 
(Microlon, Griener Bio-One) were coated with target antigen diluted in carbonate 
coating buffer pH 9.6 (Appendix 3 section 6) and incubated overnight at 4oC.  The 
plates were washed three times with phosphate buffer solution with Tween-20 
(PBS/T) using an ELx450 ELISA plate washer and blocked with 3% skim milk in 
PBS/T for 1 h.  The plates were washed and primary antibodies were diluted in 3% 
skim milk were added and incubated for 1 h.  The plates were once again washed 
and enzyme-labelled secondary antibody conjugate (Chemicon, Australia) 
previously diluted in 3% skim milk was added and incubation carried out for 1 h.  
Plates were washed and tetramethylbenzidine (TMB) substrates at the ratio of 
40A:1B (solution A to solution B, Appendix 3 section 6) were added and incubated 
for 20 min.  The reactions were stopped with 2 M phosphoric acid.  Absorbance 
readings were taken at 450 nm on an ELISA plate reader (LabSystems iEMS 
Reader MF) and analysed using Ascent software. 
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Figure 2.1: Layout of an indirect ELISA assay. 
 
2.7.1.2 Sandwich ELISA – Capture and Detection Assay 
Sandwich ELISA procedures were performed, which were similar to indirect 
ELISA.  Microtitre plates were coated with capturing antibodies diluted in carbonate 
coating buffer (as above).  Plates were washed, blocked and target antigens were 
added.  Detection antibodies were added.  Plates were washed again and anti-
mouse (or anti-rabbit) horseradish-peroxidase conjugate (-M-HRP/-R-HRP) was 
added.  The reaction was visualised by TMB substrate and stopped with 2 M 
phosphoric acid (Figure 2.2).  Results were read at 450 nm on an ELISA plate 
reader and analysed with Ascent software. 
 
 
Figure 2.2: Sandwich ELISA assay layout. 
 
2.7.2 Immunoblotting 
2.7.2.1 Passive Transfer 
Proteins separated by IEF on PAGplate gels were passively transferred 
overnight onto the polyvinylidene fluoride (PVDF 0.45 m) transfer membrane 
(BioTrace, Pall Life Sciences 75696E).  Membranes, blotting papers and gels were 
previously soaked in 1x transfer buffer (Appendix 3 section 7) before being 
assembled onto the Hoefer Semiphor transfer unit (Figure 2.3). 
Antigen 
-M/R-HRP 
Primary antibodies 
TMB 
Detecting antibodies 
Target proteins 
Capturing Antibodies 
Conjugate HRP 
TMB 
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Figure 2.3: Diagrammatic representation of passive transfer.  Proteins from IEF gel 
were passively transferred onto the PVDF membrane overnight. 
 
2.7.2.2 Western Blotting 
Following electrophoresis, separated protein bands were electroblotted onto 
nitrocellulose (Schleicher & Schuell) or PVDF membranes (BioTrace, Pall Life 
Sciences) at a current setting of 0.8 mA/cm2 for 2 h.  Membranes, blotting papers 
and gels were previously soaked in 1x transfer buffer (Appendix 3 section 7) before 
being assembled onto the Hoefer Semiphor transfer unit (Figure 2.4).  
 
Figure 2.4: Diagrammatic representation of western blotting.  Proteins from PAGE 
gels were electro-transferred onto the PVDF or nitrocellulose membranes. 
 
2.7.2.3 Probing Membranes 
Membranes were washed with 1x PBS/T.  Unbound sites on the membranes 
were blocked with 3% skim milk in PBS/T for 1 h (or overnight at 4oC).  Membranes 
were washed with 1x PBS/T (5 x 5 min) and probed with primary antibodies for 1 h 
with continuous shaking.  Membranes were washed (as above) and enzyme-
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conjugate secondary antibody anti-mouse immunoglobulin coupled with 
horseradish-peroxidase was added for 1 h with rocking.  Membranes were washed 
and protein bands were visualised with TMB membrane substrate at the ratio of 
4A:1B (solution A to solution B, Appendix 3 section 7).  When the bands on the 
membranes had reached the desired intensity, the reactions were stopped with 
deionised water.  Membranes were then left to dry and scanned (Canoscan 
FB1210U). 
 
2.7.2.4 Probing membranes using a Decaprobe unit 
Multiple primary antibodies were probed using a Hoefer Decaprobe Unit (GE 
Healthcare).  Mini gel membranes were washed with 1x PBS/T and blocked with 
3% skim milk in PBS/T for 1 h (or overnight at 4oC).  Membranes were washed with 
1x PBS/T (5 x 5 min) and assembled onto a Hoefer Decaprobe unit.  Primary 
antibodies were added into each lane (1 mL) of the Decaprobe unit and incubated 
for 1 h with continuous shaking.  Membranes were washed and the procedure was 
followed in the same way as in normal immunoblot probing. 
 
2.8 Statistical Analysis 
The protein bands were scored for presence (1) or absence (0) from the gel.  
Representative samples were chosen previously and analysed three times to 
ensure that the presence/absence of bands were reproducible.  The collected data 
were recorded on a single sample of 196 varieties.  All data (a set of binary data 
variables) were submitted into the online DendroUPGMA program 
http://genomes.urv.cat/UPGMA (Garcia-Vallve et al., 1999).  Relationships were 
established by a hierarchical clustering dendrogram generated from a pairwise 
similarities cluster analysis using an unweighted pair group method based on 
arithmetic average (UPGMA).  The percentage of similarity or correlation was 
calculated using the root mean-square deviation (RMSD) values.  RMSD measures 
the differences between the predicted values and the observed values.  RMSD is a 
good measure of accuracy in the normalised mean observed value.  The 
faithfulness of the dendrogram in preserving the pairwise distance between the 
original uncontrolled data points was measured by the cophenetic (CP) correlation 
coefficient.  Chi square (2) distribution was used to rank individual character 
contribution and the significance of bands in cluster differentiation. 
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Protein Polymorphisms in the 
Soluble Wheat Subproteome 
3.1 INTRODUCTION 
Wheat is one of Australia’s most important commercial commodities.  Over 
decades, wheat breeders in Australia have played a major role in the selection and 
crossing of germplasm to produce novel varieties adapted to vastly different climatic 
environments.  Grain yield, end-product quality attributes, adaptation, tolerance and 
resistance to disease and pests have traditionally been the primary drivers in 
breeding programs.  Phenotypic selection for these attributes was based on 
knowledge of genes and markers associated with certain agronomic traits such as 
adaptation/tolerance and resistance to environmental stressors and/or diseases 
(Lehmensiek et al., 2004; McCartney et al., 2005; Pshenichnikova et al., 2008; 
Schnurbusch et al., 2004). 
High grain yields and high endosperm protein content, together with end-product 
quality attributes such as tensile strength (Darlington et al., 2000), starch pasting 
viscosity, dough extensibility (Kuktaite et al., 2004), viscoelasticity (Bollain et al., 
2006), semolina texture (Pham et al., 2006), water balance (Jelica and Hylnka, 
1971), loaf volume and crumb texture (Zghal et al., 2002), determine the suitability 
of a wheat variety for a food product.  All of these desirable attributes depend upon 
the relative content of protein polymorphisms in the grain, which are easily affected 
by biotic and abiotic stressors. 
In breeding programs, breeders commonly select for specific attribute(s) such as 
high yield and dough extensibility.  The selection of these targeted phenotypes may 
result in changes to the grain proteome and/or indirectly affect the grain 
subproteome.  Because of the overall or gross selection of certain attributes, there 
are uncertainties about whether those attributes can be correlated to specific 
changes or to a hereditability pattern of the proteome such as the contribution of 
individual genomes to protein diversity, hereditability of proteins within and between 
germplasm breeding lines, protein diversity and content in relation to parental 
germplasm and environment. 
Chapter 3 
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In recent years, breeders have become increasingly aware of non-agronomic 
traits that are considered to be important for the health of consumers by dieticians, 
nutritionists and medical professionals  (Morris and Sands, 2006; Sands et al., 
2009).  High fibre, glycemic index, vitamin content, gluten intolerance, toxic 
peptides and allergens in grain proteins have become important health attributes 
that could greatly add value to consumer preferences for food products derived 
from wheat. 
Because of the growth of consumer demand for healthier breads such as 
sourdough, rye and spelt breads, it is of interest of what are the protein differences 
between these grains that make the spelt-based products less allergenic or more 
tolerant than normal wheat.  This chapter is set out to investigate the differences in 
soluble protein polymorphisms between spelt and Australian wheat varieties base 
on native and subunit separations.  The albumin and globulin proteins are further 
compared with closely related species and their proposed genome parents. 
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3.2 MATERIALS AND METHODS 
3.2.1 Source of Wheat Varieties 
 196 wheat varieties (including key germplasms used by Australian breeders) 
were assembled for proteome analysis (Table 3.1).  Since hexaploid bread wheats 
(T. aestivum) are made up of 3 genomes (A, B and D), coverage of parental 
genomes was represented by ancestral progenitors – T. monococcum, T. 
monococcum boeticum, T. urartu (A genome); T. searsii, Ae. speltoides (B genome) 
and  – T. tauschii (D genome).  Tetraploid species (T. turgidum durum, T. turgidum 
dicoccoides, T. timopheevi araraticum and T. turgidum turanicum), other hexaploid 
species (T. aestivum compactum, T. aestivum macha, T. vavilovii, T. 
sphaerococcum), triticale (Triticosecale), as well as spelt (T. spelta) were also 
included to increase the chance of discovering new polymorphic proteins in the 
proteome. 
 
Table 3.1: List of wheat and related species used in soluble protein polymorphisms 
analyses. 
Ploidy Species Number
Diploid T. monococcum 5
T. monococcum boeticum 4
T. urartu 3
T. searsii 1
A. speltoides 4
T. tauschii 6
S. cereale 1
Tetraploid T. durum 18
T. dicoccoides 4
T. timopheevi 5
Hexaploid T. aestivum 66
T. sphaerococcum 2
T. spelta 62
T. compactum 4
T. macha 3
T. vavilovii 4
Triticale 6
Total 196
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3.2.2 Extraction of Soluble Proteins 
 Mature grains were milled into wholemeal and subjected to sequential extraction 
with different solvents (Chapter 2.2).  Water-soluble albumins and salt-soluble 
globulins were used for subproteome protein polymorphisms analyses. 
 
3.2.3 Analysis of Protein Polymorphisms by 
Electrophoresis 
 Albumin and globulin proteins were resolved under native and denaturing 
conditions by native and SDS PAGE as described in Chapter 2.4.2 and 2.4.3.  
Protein bands were stained with silver (Chapter 2.5.1) and band locations were 
digitised. 
  
3.2.4 Biometric and Statistical Analyses 
Representative samples were chosen previously and analysed three times to 
ensure that the presence/absence of bands were reproducible.  The collected data 
were recorded on a single sample of 196 varieties.  The gels were silver stained 
and scanned using a Canon scanner.  The band from digitised data was scored as 
presence (1) or absence (0) but not quantitatively for level of expressions because 
the grains were not grown in the same environment.  The digitised versions were 
shown only as illustrations of the intensity of the bands.  All data were submitted 
into the BioNumerics program (Applied Maths version 6.0, Belgium) as character 
types and the dendrogram was generated based on the presence or absence of the 
protein band.  Relationships were established by a hierarchical clustering 
dendrogram generated from a pairwise similarities cluster analysis using an 
unweighted pair group method based on arithmetic average (UPGMA).  The 
percentage of similarity or correlation was calculated as a Canberra Metric 
coefficient, which subtracts each protein band set by its average, and divides each 
protein band by the variance of the protein band set. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Comparison of Albumin and Globulin Protein 
Concentrations from Sequential Extraction 
Based on protein solubility, mature wheat grains were extracted following a 
modified Osborne procedure (Scholz et al., 2000).  The extracts were separated by 
electrophoresis to determine the validity of the method in separation of albumins 
and globulins (Figure 3.1).  The majority of albumin proteins were extracted in 
purified water from the first extraction; by the third water extraction, no more 
albumins were extracted.  The pellet was further sequentially extracted in sodium 
chloride (0.5 M) and the globulin proteins were obtained. 
H2O NaCl
1 2 3 1 2 3
 
Figure 3.1: Sequential extraction of wheat grain proteins in purified water and 
sodium chloride. 
 
The concentrations of the albumin and globulin proteins were determined by 
BCA assay as described in Chapter 2.3.  In general, more soluble proteins were 
obtained from spelt as compared to wheat varieties (Table 3.2).   
 
Table 3.2: Albumins and globulins protein concentrations in spelt and wheat 
varieties. 
 Albumins Globulins 
 Concentration (%) Concentration (%) 
Spelt (Triticum spelta) 3.75 ± 0.60 2.65 ± 0.40 
Wheat (Triticum aestivum) 2.95 ± 0.30 2.35 ± 0.25 
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From 200 mg of grains, 3.75% of water-soluble proteins were extracted from 
spelt while 2.95% were extracted from wheat.  Using a salt-based solvent, 2.65% of 
proteins were extracted from spelt, while 2.35% were extracted from wheat.  Since 
these values are the average of 196 varieties, therefore, little variations can be 
seen as compared to published data (3-4% for albumins and 1-2% for globulins). 
 
3.3.2 Optimisation of Electrophoresis Conditions for 
Native PAGE 
In order to optimise the electrophoresis separation, four different settings were 
tested (Figure 3.2).  Low current and long hours (overnight) of separation 
aggregates the protein bands, leading to poor resolution on the gel (Figure 3.2A), 
while separation at high current and shorter times can lose some protein bands 
(Figure 3.2C and D).  The optimal settings for native PAGE can be achieved at 
moderate current and moderate electrophoresis running time (Figure 3.2B). 
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Figure 3.2: Evaluation of running conditions for native PAGE. 50 g of protein 
extracts were loaded onto native PAGE gels and electrophoresis were carried as 
follows (A) 10 mA for 16 h then 80 mA for 1 h.  (B) 60 mA for 1 h then 80 mA for 2 
h. (C) 90 mA for 1 h then 80 mA for 1.5 h.  (D) 120 mA for 1 hr then 80 mA for 1.5 
h. 
 
3.3.3 Reproducibility of Soluble Proteins Separation by 
Electrophoresis 
The soluble proteins from three different species (T. durum, T. aestivum and T. 
spelta) were chosen and separated by native PAGE on three different occasions to 
ensure that the protein separation by electrophoresis is reproducible (Figure 3.3).  
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The intensity of protein bands varied slightly between the three runs, but the 
presence or absence of protein bands are consistent.  For the purpose of this study, 
only presence or absence of the protein band will be taken into account since the 
compiled wheat grains in this analysis were not grown in the same environment. 
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Figure 3.3: Evaluation of protein separation reproducibility by native PAGE. 50 g 
of protein extracts were loaded onto native PAGE gels and electrophoresed for 3 h. 
 
3.3.4 Soluble Protein Polymorphisms in the Albumin 
Subproteome 
Comparative analysis of protein polymorphisms required optimisation for 
different methods of resolving and visualising.  Proteins present in the soluble 
fractions have been solubilised in their quarternary structure-dependent state and 
are referred to as native proteins.  These proteins possess a spatial configuration 
such as different charged states of exposed amino acids which confer a net charge.  
This in turn affects their mobility during electrophoresis but mobility with native 
proteins is also dependent upon their overall mass.  Native proteins separated by 
electrophoresis can be made visible with protein stains such as silver.  Protein 
polymorphisms from the albumin subproteome were resolved by native PAGE, 
stained with silver and a digitised representation is displayed in Figure 3.4. 
There are total of 40 protein bands (numbered Alb 1-40 based on migration 
distance on the gel) resolved from 196 wheat varieties and related species in the 
albumin subproteome.  The number of native protein bands found in some varieties 
and/or species range from lowest (2 bands) to highest (20 bands).  In general, more 
bands are found in the hexaploid and tetraploid species than in diploids.  However, 
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there are exceptions where some B-genome species possessed more native 
protein bands than other hexaploid wheats. 
 
Figure 3.4: (A) Albumin proteins resolved by native PAGE and silver-stained.  (B) 
Digitised interpretation of A. 
 
Figure 3.5 displays a composite representation of total native protein bands in 
the albumin subproteome by combining bands for each species in AA (n = 12), BB 
(n = 5), DD (n = 6), tetraploid AABB (n = 22) and hexaploid AABBDD groups.  The 
composite bands for AABBRR genome were omitted.  The A-, B- and D-genomes 
expressed 21, 20 and 23 composite bands respectively.  31 bands were found in 22 
tetraploid species while in the hexaploid wheats 29, 28 and 27 bands are present in 
the wheat (Cv), spelt (Sp) and relative (Anc) wheat varieties respectively. 
Significant differences in native protein bands can be seen between wheat and 
spelt varieties.  Spelt varieties lack bands Alb 1, 2, 5, 8 and 10 while possessing 
bands Alb 35, 36, 37, 39 and 40 as compared to wheat varieties (Appendix 4 
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section 1).  None of the diploids examined in this study possess bands 36, 37 and 
39 suggesting these bands are unique to T. spelta. 
Unique bands that are exclusively present in a single species are Alb 6 (T. 
tauschii), Alb 30 (T. aestivum), Alb 32 (T. aestivum) and Alb 37 (T. spelta).  
Common bands that can be found in the majority of species are Alb 12 (n =120), 15 
(n =108), 16 (n = 106), 19 (n = 96), 22 (n =151), 34 (n = 94), 38 (n = 110).  Further 
data on the total number of species present in each band can be found in Appendix 
4 section 1. 
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Figure 3.5 Representation of composite native bands in the albumin subproteome 
of diploids (A, B and D genomes), tetraploids (AABB) and hexaploids (AABBDD). 
 
Since separation of native proteins does not contain a molecular size marker, the 
lack of reference protein markers limits the identity of the protein bands (based on 
size and charge).  Because of this, polymorphisms based on SDS PAGE separation 
are necessary and essential not only in comparing the protein polymorphisms 
between species but also confirming the protein identity with published literatures. 
The quaternary structure of soluble native proteins can be converted by heat 
treatment into tertiary structures.  These in turn can be further denatured or 
dissociated into subunits by breaking the disulphide covalent bond linkages.  
Similarly a detergent can be used to break the van der Waal forces and hydrogen 
bonds. 
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Protein polymorphisms in the albumin subproteome were resolved by SDS 
PAGE and the digitised representation is shown in Figure 3.6.  A total of 87 bands 
ranging from 9.17-110.35 kDa were found from 196 wheat varieties and related 
species in the albumin subproteome.  Although the composite number of bands 
seems so high, the maximum number of bands that can be found in a certain 
variety is 32 and the minimum is 7.  A single species of B-genome donor possessed 
the lowest number of bands. 
 
Figure 3.6: (A) Albumin proteins resolved by SDS PAGE and silver-stained.  (B) 
Digitised interpretation of A. 
 
One unique band with molecular weight (MW) 9.7 kDa can be found in only three 
species of T. aestivum.  Four major common bands can be found in proteins with 
MW 49.51 kDa (n = 113), 43 kDa (n = 142), 39.4 kDa (n = 123) and 23.7 kDa (n = 
109).  Bands that only present in T. aestivum and not in T. spelta are proteins with 
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MW 102.7 kDa, 12.6 kDa and 9.43 kDa, whereas protein bands with MW 20.5 kDa 
and 9.17 kDa were found exclusive in spelt but not in wheat varieties (Appendix 4 
section 2). 
A composite representation of total polymorphisms based on SDS PAGE 
separation in the albumin subproteome by combining bands for each genome is 
displayed in Figure 3.7.  The maximum number of composite bands can be seen in 
the hexaploid species.  86 bands were present in the composite of 66 wheat 
varieties while 82 and 46 bands were found in 62 spelt varieties and 11 related 
wheat species respectively.  The A-genome expressed 64 composite protein bands 
from 12 species while 32 and 45 bands representing 5 and 6 species respectively 
from the B- and D-genomes.  72 bands were found in 22 tetraploid species.  It 
appears that as the genome expands the number of composite bands also 
increases.  However, this does not apply to all hexaploid wheat as seen in other 
relative wheat species. 
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Figure 3.7: Representation of composite protein bands in the albumin subproteome 
of diploids (A, B and D genomes), tetraploids (AABB) and hexaploids (AABBDD) by 
SDS PAGE separation. 
74 
 
3.3.5 Soluble Protein Polymorphisms in the Globulin 
Subproteome 
The native protein polymorphisms in the globulin subproteome are displayed in 
Figure 3.8A and the digitised representation is shown in Figure 3.8B.  Based on the 
protein bands migration on native PAGE gels, a total of 27 globulin bands 
(numbered Glo 1-27) were identified from 196 wheat varieties/species.  The native 
globulin proteins range from 1-12 bands in some varieties/species. 
 
Figure 3.8: (A) Globulin proteins resolved by native PAGE and silver-stained.  (B) 
Digitised interpretation of A. 
 
Unique bands can be seen in T. monococcum (Glo 1), Triticosecale (Glo 3), T. 
spelta (Glo 4, 7 and 24) and T. aestivum (Glo 25).  The majority of common bands 
are found in Glo 11-16, 19 and 23, where band Glo 15 has the highest number of 
species (n = 113) sharing this common band (Appendix 4 section 3). 
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A composite representation of total native protein polymorphisms in the globulin 
subproteome is depicted in Figure 3.9.  The A-genome expressed 14 bands while 
the B- and D-genomes expressed 8 and 13 composite bands respectively.  16 
bands were expressed in the tetraploid species and 19, 21 and 11 bands were 
expressed in the wheat, spelt and related wheat varieties.  Based on the native 
globulin banding patterns, the wheat and spelt varieties have more bands similar to 
each other than the other hexaploid wheats.  Spelt possesses extra bands Glo 4, 7, 
24 and 26 while lacking band Glo 25 when compared to wheat.  The bands Glo 22 
and 26 present in the A-genome species and not other diploid species suggest 
these bands may be contributed from the A-genome to the wheat and spelt 
varieties. 
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Figure 3.9: Representation of composite native bands in the globulin subproteome 
of diploids (A, B and D genomes), tetraploids (AABB) and hexaploids (AABBDD). 
 
There was an increase in the composite total number of protein bands in the 
globulin subproteome based on SDS PAGE separation (Figure 3.10).  There are 
116 bands with molecular sizes ranging from 9.61 to 98.83 kDa found in 196 wheat 
varieties and related species.  The number of bands range from 5 to 45 with the 
lowest number of bands observed in some B-genome species and the maximum 
seen in some hexaploid species. 
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Figure 3.10: (A) Globulin proteins resolved by SDS PAGE and silver-stained.  (B) 
Digitised interpretation of A. 
 
Figure 3.11 displayed a composite representation of total protein bands based 
on SDS PAGE separation in the globulin subproteome by combining bands for each 
variety in diploid (AA, BB and DD), tetraploid (AABB) and hexaploid (AABBDD) 
groups.  The A-genome species expressed 100 composite bands while 43 and 70 
bands were found from the B- and D-genomes respectively.  84 bands were found 
in 22 tetraploid species.  Among the hexaploids, 114 bands were present from 66 
wheat varieties; 112 bands in 62 spelt, and 63 bands in 11 relative species. 
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Figure 3.11: Representation of composite protein bands in the globulin 
subproteome of diploids (A, B and D genomes), tetraploids (AABB) and hexaploids 
(AABBDD) by SDS PAGE separation. 
 
Common bands are found in proteins with MW 24 kDa (n = 90), 26 kDa (n = 82), 
39.1 kDa (n =87), 35.3 kDa (n = 87) and 54.9 kDa (n = 84).  The majority of water-
soluble proteins are members of the alpha-amylase inhibitors with MW of 12 kDa 
(monomeric 0.28), 24 kDa (dimeric 0.53 and 0.19) and 60 kDa (tetrameric CM 
proteins) (Chapter 1.3.1.2).  A wheat albumin with the MW of 26 kDa was found to 
have no protease or amylase activity (Ewart, 1976).  Its purpose in the endosperm 
is possibly analogous to that of serum albumin, namely to help maintain the pH and 
osmotic pressure of the cytoplasm. 
Wheat and spelt are very similar to each other based on denaturing protein 
polymorphisms, more so than any of the related hexaploid species.  There are 
some bands that were found only in wheat (MW 45.2 kDa and 68 kDa) but not in 
spelt and vice versa for other protein bands (MW 98.8 kDa and 70.7 kDa) that were 
found only in spelt and not in wheat.  The 98.8 kDa protein was unique and only 
found in T. spelta while the 70.7 kDa can be found in some T. monoccum boeticum 
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and T. sphaerococcum.  The 68 kDa protein is also present in the T. monococcum 
boeticum, Ae. speltoides and T. sphaerococcum while the 45.2 kDa protein is found 
in one T. turgidum durum species (Appendix 4 section 4). 
 
3.3.6 Relationships between Triticum species based on 
the Albumin and Globulin Subproteomes 
The protein bands were scored based on the presence (1) or absence (0) on the 
gel and the data were submitted to the BioNumerics program (Appendix 4 sections 
5-8) as a character type for relationship analysis.  This relationship is depicted by a 
hierarchical clustering dendrogram generated from UPGMA.  The percentage of 
similarity or correlation was calculated based on the Canberra Metric coefficient. 
At 85% of similarity cut-off, the relationship between wheat varieties/species 
based on the native albumin subproteome polymorphisms revealed 10 clusters with 
C1-C5 in Block 1 and C6-C10 in block 2 (Figure 3.12).  There are no unique bands 
in the albumin subproteome that are signification in the separation of clusters.  
However, the combination of bands plays a role in the sorting of clusters.  For 
instance, ownership of bands Alb 5, 6, 20, 30, 32 & 39 separated Block 1 from 
Block 2 (presence of bands Alb 1, 11, 14 & 37).  Bands Alb 3 and 39 are unique in 
some of the T. spelta lines, while band Alb 40 is present in most of the A-genome 
donors.  Band Alb 40 also appears on one B-genome species Ae. speltoides. 
Although there are wheat varieties that shared a common ploidy or belong to the 
same species, the native proteins in the albumin subproteome are highly diverse, 
and this diversity contributed to the irregular patterns of groupings.  For instance, 
C2 constitutes of combination of species from the T. monococcum (AA), Ae. 
speltoides (BB), T. turgidum durum (AABB), T. aestivum and T. spelta (AABBDD).  
The hexaploid species T. aestivum and T. spelta in C3 were grouped together with 
the T. monococcum.  This suggests they are more closely related to the A-genome 
than the other two genomes.  One spelt variety and T. dicoccoides present in C4 
appear to have similar native protein patterns to other conventional wheat varieties.  
The spelt varieties in C8 were grouped together with the Ae. speltoides suggesting 
they share similar native protein patterns to these B-genome species.  Most of the 
D-genome species T. tauschii reside in C10. 
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Figure 3.12: Dendrogram displaying relationships between wheat and related 
species based on native protein polymorphisms in the albumin subproteome.   
 
Within a cluster, there are smaller sub-clusters found at 95% cut-off.  In C9, a 
mixture of hexaploid and tetraploid species were grouped together; however, the 
Triticale differs from the T. aestivum in this cluster by the lack of bands Alb 2, 7, 15, 
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27, 34 and 38, while the presence of bands Alb 14 and 19 is also important to the 
separation of the two sub-clusters.  Even within species, the spelt varieties in C2 
were sorted into two sub-groups (Appendix 4 section 5). 
Comparison of banding patterns from the native and subunit protein separation 
methods revealed an increase in the total number of protein bands in all 196 
species/varieties.  With the increased number of available protein bands, clustering 
along ploidy lines has become more obvious.  When sorted on the basis of proteins 
separated by SDS PAGE, the wheat varieties/species in the albumin subproteome 
were clustered into their own groups of ploidy and/or species. 
At 20% similarity cut off, the combined proteins in the albumin subproteome from 
196 species/varieties were sorted by UPGMA into 9 clusters: with C1-C3 in Block 1, 
C4-C5 in Block 2, C6-C8 in Block 3 and C9 in Block 4 (Fig. 3.13).  Ownership of 
bands with MW 95, 72, 16.22, 11.26, 9.7 & 9.3 kDa separated Blocks 1 and 2 from 
Blocks 3 and 4, while ownership of bands with MW 19.23, 17 & 16.48 kDa grouped 
Blocks 1 and 2 together.  High MW bands 110.35 & 102.68 kDa are unique in Block 
1, whereas bands with MW 53.85, 20.82 & 20.5 kDa are unique in Blocks 3 and 4 
(Appendix 4 section 6). 
The diploid species were clustered into Block 3 with the majority of the A-
genome species (T. urartu, T. monococcum and T. monococcum boeticum) found 
in C6, the B-genome species (T. searsii and Ae. speltoides) in C8 together with a 
few D-genome species (T. tauschii).  Four T. spelta varieties were found in C7 with 
one T. monococcum boeticum species and three T. tauschii species were grouped 
together with T. spelta in C9.  The tetraploid species were sorted into three clusters: 
C1, C3 and C5.  The C1 group tetraploids were found to share similar albumin 
protein bands with T. aestivum (conventional wheat) and T. spelta, while the C3 
tetraploids shared similar features to some of the other conventional wheat 
varieties.  The third group of tetraploid T. timopheevi were clustered together with 
the spelt, conventional and other hexaploid wheat varieties in C5.  C2 comprised 
only conventional wheat varieties.  The Triticale species were grouped together with 
other hexaploid wheats T. spelta and T. aestivum in C8.  At 70% similarity cut-off, 
the Triticale was seen to be closely related to the conventional wheat and other 
landraces. 
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Figure 3.13: Dendrogram displaying relationships between wheat and related 
species based on albumin protein polymorphisms separated by SDS PAGE.   
 
At 20% of similarity cut-off, the native globulin proteins from 196 wheat varieties 
and related species were sorted by UPGMA into 10 clusters with C1-C4 in Block 1, 
C5-C6 in Block 2, C7-C8 in Block 3 and C9-C10 in Block 4 (Fig. 3.14).  The wheat 
varieties and related species in the globulin subproteome were more likely to group 
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together on the basis of ploidy and/or species.  For instance, C1 comprised mainly 
the A-genome species whereas C2, C5 and C6 comprised of hexaploid wheat 
varieties. 
The spelt and conventional varieties in C2 have similar globulin proteins, while 
the spelt varieties in C5 have similar native proteins to another group of 
conventional and other T. aestivum varieties.  The spelt in C7 is quite different to 
other spelt varieties and they were clustered together with the B-genome (Ae. 
speltoides) and the D-genome (T. tauschii) species.  The spelt in C8 were grouped 
together with some other hexaploid T. aestivum and the T. tauschii; however, they 
differed from these species by the possession of band Glo 26.  One T. tauschii 
species also possessed band Glo 26, suggesting the possibility of contributing to 
the banding pattern in ancient polyploidy wheat (Appendix 4 section 7).  Despite the 
polyploidy species separating themselves into their ploidy, ancestral genomes 
appeared to segregate into different clusters and were not grouped together.  For 
instance, a group of A-genome species T. monococcum were found in C1 while 
another group of A-genome T. urartu were found in C9.  The wild A-genome T. 
monococcum boeticum can be seen in C4.  Since the A-genome species in C4 
were grouped together with other hexaploid and a few tetraploid species, this 
suggests the globulin patterns of these species are more similar to the T. 
monococcum boeticum than the other A-genome species. 
Similarly, the combined protein polymorphisms in the globulin subproteome 
based on SDS PAGE separation sorted the 196 species/varieties by UPGMA into 
10 clusters with C1-C3 in Block 1, C4-C7 in Block 2 and C8-C10 in Block 3 (Fig. 
3.15).  There are no unique bands observed from any blocks; however, a 
combination of bands was seen to either group or separate blocks from each other.  
Protein bands with MW 91.17, 83.5, 70.66 & 19.75 kDa separated Block 1 and 
Block 3 from Block 2.  Protein bands with MW 98.83, 95 & 45.17 kDa grouped 
Blocks 1 & 3 together.  Ownership of protein bands with MW 10.08 & 9.61 kDa 
separate Block 1 from Blocks 2 & 3 (Appendix 4 section 8). 
The A-genome species were sorted into two different clusters – C1 (the wild 
species T. monococcum boeticum) and C5 (a mixture of T. monococcum and T. 
urartu).  The D-genome species T. tauschii is clustered in C4 with a B-genome T. 
searsii while the rest of the B-genome species Ae. speltoides were grouped in C10.  
The conventional wheat varieties were sorted into 6 different clusters (C2, C4, C5, 
C6, C8 and C9). 
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Figure 3.14: Dendrogram displaying relationships between wheat and related 
species based on native protein polymorphisms in the globulin subproteome.   
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Figure 3.15: Dendrogram displaying relationships between wheat and related 
species based on globulin protein polymorphisms separated by SDS PAGE. 
 
At 50% similarity cut-off, two groups of tetraploid and conventional wheat were 
observed in C2.  There are five groups of spelt sorted into C3, C4, C5, C7 and C9.  
Spelt varieties in C4 showed similar denaturing protein patterns to the D-genome 
species and some conventional varieties, while spelt varieties in C5 were grouped 
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together with the A-genome species and other T. aestivum varieties.  The spelt 
varieties in C9 are closely related to the conventional and other hexaploid wheats.  
The spelt varieties in C3 and C7 are unique and were sorted on their own. 
When all the data from the albumin and globulin supbrotoemes based on native 
and the denaturing protein separations were subjected for re-classification of 
clusters, 196 wheat varieties and relative species were sorted into three blocks with 
nine clusters – C1-C3 in Block 1, C4-C5 in Block 2 and C6-C9 in Block 3 (Fig. 
3.16).  The wheat varieties were grouped into their own ploidy and species.  The 
diploid A-genome species (T. urartu, T. monococcum and T. monococcum 
boeticum) were sorted in C1; one Ae. speltoides was also found in C1.  Some spelt 
and wheat varieties were grouped together with a few A-genome and D-genome T. 
tauschii species in C2.  The B-genome species (Ae. speltoides) were grouped on 
their own in C9.  C6 was composed of hexaploid T. aestivum and T. spelta. 
At 30% similarity cut-off, the conventional and spelt varieties in C6 sorted into 2 
distinct groups.  A group of exclusive spelt and tetraploids were grouped in C3 and 
C7 respectively.  A few T. turgidum durum tetraploids were grouped together with 
the hexaploid wheat in C8.  C4 and C5 in Block 2 constituted mainly hexaploid 
wheat.  The synthetic Triticale species were found in C4 and were grouped together 
with the majority of the landrace T. aestivum and a few spelt and conventional 
wheats.  C5 are all hexaploid and made up of spelt, conventional wheat and other 
ancient hexaploid varieties.  The T. timopheevi were also found in C5. 
 
3.3.7 Statistical Analyses for the Separation of Triticum 
aestivum and Triticum spelta 
When looking at band differences between T. aestivum and T. spelta (Appendix 
4 sections 1-4), some albumin bands are unique in the T. spelta species and vice 
versa for T. aestivum.  Based on the native protein separation, 27 varieties of spelt 
and wheat are 100% similar to each other in the albumin and globulin 
subproteomes (Table 3.3).  Using the SDS PAGE separation, 25 varieties of spelt 
and wheat are 100% similar in the albumin subproteome, while four were found to 
have 100% similarity to each other in the globulin subproteome. 
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Figure 3.16: Dendrogram displaying relationships between wheat and related 
species based on protein polymorphisms in the albumin and globulin 
subproteomes. 
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Table 3.3: Percentage of similarity between wheat (T. aestivum) and spelt (T. 
spelta) generated from the similarity matrix. 
 
    
T. aestivum T. spelta T. aestivum 
  
100 99-95 94-90 89-80 T. aestivum T. spelta T. spelta 
  
n S% 
Alb - Native 27 16 50 80 43.60 35.47 33.88 
Alb - SDS 25 29 39 63 36.08 36.80 31.96 
Glo - Native 27 16 50 80 28.77 27.92 26.92 
Glo - SDS 4 10 14 37 31.24 28.69 25.17 
 
Between the T. aestivum species, the albumin protein polymorphisms by native 
PAGE show greater similarity (43.60%) to each other than SDS PAGE separation.  
When looking at the globulin subproteome, the T. aestivum species is more similar 
to each other by SDS PAGE protein separation (31.24%).  For T. spelta, separation 
by SDS PAGE shows greater similarity percentage than native protein separation in 
both albumin and globulin proteins (Table 3.3). 
The globulin subproteome provides a better picture for the separation of T. 
aestivum from T. spelta than the albumin subproteome.   Spelt and wheat varieties 
are very different from each other based on protein polymorphisms separated by 
SDS PAGE.  This was due to the increased number of protein bands providing 
greater polymorphisms between the two species. 
 
3.3.8 Soluble Protein Polymorphisms and Relationships 
with the Genomes 
The major bands that present in almost all the wheat varieties/species are Alb 3, 
12, 15, 16, 22, 23, 27, 28, 34 and 38 (Appendix 4 section 1).  Alb 15, 22 and 27 
bands are possibly contributed by the A-genome species, and Alb 16 is from the B-
genome species.  Since the diploid species from the A-, B- and D-genomes are 
present in Alb 23, 28, 34 and 38, it is not possible to link which species is the sole 
contributor to these protein bands.  Even though the diploid species S. cereale (RR) 
was found to be the possible genome contributor for Alb 12, other tetraploid and 
hexaploid species that do not contain the R-genome also possess this band.  This 
suggests there may be other species that contributed to this band but have not 
been included in this analysis. 
This also applies to bands Alb 1, 2, 3, 5, 6, 7, 10, 11, 20, 30 and 39.  Some Alb 
bands can be used to extrapolate the genome contributors; however, protein MS 
and DNA analysis is required for confirmation of protein identity.  For instance, Alb 
35, 36 and 38 were found in the A-genome species T. monococcum boeticum, Alb 
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4, 8 17 and 32 were presented in the B-genome species Ae. speltoides, and Alb 37 
was identified in the D-genome T. tauschii.  Although Alb 34 and 35 were identified 
as serpin 3a and 3b respectively by MS (Wu, 2007; Wu et al., 2012), it is still not 
possible to identify the genome/chromosome responsible for the expression of this 
protein. 
The prominent bands found in Triticale (AABBRR), a synthetic hexaploid hybrid 
from the wheat T. durum AABB and rye S. cereale RR are Alb 9, 14, 16, 19, 22 and 
23.  These bands have been probed with a serpin monoclonal antibody (MAb) F12-
4C5 (Wu et al., 2012) and were found to contained serpin epitopes.  Alb 9 was sent 
for MS and confirmed to be a serpin protein (personal communications with Ming 
Wu).  Wheat and rye serpins are 70% in sequence homology (Dahl et al., 1996) 
and have similar proline and glutamine-rich repeats in their sequences (Hejgaard, 
2001), therefore, the MAb F12-4C5 (Wu et al., 2012) can easily pick up the serpin 
epitopes in other species.  The Alb 9 can be contributed by either the B-genome 
Ae. speltoides or the R-genome S. cereale.  However, other hexaploid species (T. 
aestivum and T. spelta) also possessed this band even though there was no 
contribution from the R-genome.  The hereditability of this band is probably from the 
B-genome (Cane et al., 2008) and from this study, the Ae. speltoides is the possible 
donor.  Serpins from wheat have contributed to a lot of quality traits.  These include 
prevention of premature proteolysis of the seed storage proteins and playing a role 
in maintaining integrity of dough forming (Salt et al., 2005).  It was also suggested 
that they protect the grain breakdown by inhibiting proteinases from pests 
(Hejgaard, 2005). 
 There is greater diversity seen in the native polymorphisms of the globulin 
subproteome than in the albumin subproteome because more than 50% of the 196 
wheat varieties/species used in the proteomic analysis were clustered together in 
the native albumin subproteoeme (85% similarity), while only 20% similarity was 
seen in the globulin subproteome.  Despite the fact that the A- and B-genome 
species are mixed in some clusters (from both subproteomes), the D-genome 
species is different from the other ancestral diploid species as seen from albumin 
and globulin polymorphisms profile. 
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3.4 CONCLUSION 
Wheat breeding in Australia strategically focuses on the major market value that 
requires a specific quality that is best suited to the particular environment while still 
retaining high yielding attributes as well as disease resistance and tolerance to 
biotic and abiotic stresses.  While total grain protein is a key nutritional factor, and 
directly related to certain quality attributes, the content and contribution of 
polymorphic proteins in different varieties is the key factor in determining both the 
techno-functional properties (like dough strength, extensibility and water absorption) 
and health-related quality attributes such as allergenicity and immune reactivity.  
Monitoring and considering certain aspects of protein composition of wheat lines 
in the quality related selection process in breeding is a successful tool in the hand 
of the breeder: glutenin to gliadin ratio, the relative amount of macropolymers in the 
glutenin fraction (UPP%) and/or the allelic composition of both HMW and LMW 
glutenin subunits are routinely used worldwide.  While more and more information is 
available about the important role of soluble proteins in relation to both techno-
functional nutritive and health-related quality attributes, much less is known about 
the biodiversity, variety-dependent variation of the albumin and globulin fraction of 
wheat. 
In view of the important role of these wheat grain proteins determining quality, a 
comprehensive analysis of the soluble subproteome of 196 wheat varieties have 
been analysed together with their diploid wild-type ancestors.  The subproteome 
comparisons analyses were carried out by 1-dimesional electrophoresis under 
native and denaturing conditions to enable multiple comparisons of large numbers 
of wheat varieties. 
This study establishes that the database of soluble proteins can be an important 
referencing source for both basic and applied research, such as probing 
relationships and possibly gene contributions from parental donor genes, or relating 
different quality attributes to certain soluble proteins, respectively. 
One limitation of the assembled database is that it does not reflect the proteome 
composition of all analysed varieties grown at the same time or season in the same 
environment.  Consequently, the impact of environmental variation on gene 
expressions could have contributed to some of the observed polymorphisms of the 
soluble proteins and the dataset may not be exclusively based on genome 
differences.  Therefore the database contains only binary information presence or 
absence of a certain polypeptide.  Nonetheless, the separation of varieties into 
distinct blocks (Figure 3.16) along ploidy lines clearly demonstrates a close 
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relationship between banding patterns and their respective A, B and D genomes 
and differentiate among varieties reasonably well (Table 3.3.).  These differences 
observed among samples in the database established the potential that the 
database can be applied in specific areas of wheat research, two of which is 
demonstrated in the following two chapters. 
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Amylase Polymorphisms in 
Australian Wheat Varieties 
4.1 INTRODUCTION 
Soluble proteins – albumins and globulins – perform multiple functions during 
growth and development of wheat.  Most soluble proteins are enzymes or inhibitors 
of enzymes that are developmentally regulated at different stages (Guo et al., 2012; 
Singh et al., 2001a; Singh et al., 2001b; Wrigley and Bietz, 1987).  Soluble proteins 
also influence the processing and rheological properties of wheat flour (Jimenez 
and Martinez-Anaya, 2001). 
Amylases are one of the major group of proteins found in the soluble fraction and 
considered to be an important quality attribute directly affecting the yield and dough 
quality (Cejudo et al., 1995; Lunn et al., 2001b).  They are also the key factors to 
determine the price the farmer is paid for bread wheat.  In Australia, the system of 
grain receival and payment involves many factors, one of those being the tolerance 
to pre-harvest rain.  The presence of -amylase activity in sprout-damaged grains 
can lead to low falling number and produces inferior end products, affecting the 
colour, texture and appearance in some Asian noodles and steamed products.  
Amylases were also found to account for occupational sensitivity in the baking 
industry (De Zotti et al., 1994; Di Stefano et al., 2004; Dolfini et al., 2003; Droste et 
al., 2003). 
Amylases are expressed at two different stages in the wheat grain growth cycle – 
-amylases (EC 3.2.1.2) are synthesised during grain filling (Daussant et al., 1994), 
while -amylases (EC 3.2.1.1) are synthesised de novo during germination or when 
grain heads are wetted by rain as in the case of pre-harvest sprouting (Hader et al., 
2003; Skerritt and Heywood, 2000).  Both forms of amylases are biologically 
important.  Storage and de novo amylases play a major role in starch metabolism 
during germination and dough processing (Fincher, 1989; Lowe, 1937).  Storage -
amylases generate -maltose upon starch hydrolysis, and -maltose affects the 
rate of yeast fermentation which is in turn critical in determining dough 
development, flavour and loaf volume (Weise et al., 2005).  In contrast, de novo -
Chapter 4 
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amylases convert starch to -maltose for seedling growth (Fincher, 1989).  Excess 
-amylase activity, however, can impair the quality of wheat grain and result in 
unsatisfactory end-products due to the enzymatic hydrolysis of starch (Lunn et al., 
2001b). 
Currently a major problem for the wheat industry known as the late maturity -
amylase (LMA) phenomenon has caused great concerns for breeders, farmers and 
the Australian economy (Comben, 2012; Di Cagno et al., 2005; Mares and Mrva, 
2008b).  LMA is a genetic defect that results in the accumulation of unacceptable 
levels of high pI -amylases in the mature grains (Mrva and Mares, 1996b, 1999).  
High levels of -amylase retained in the mature grains can downgrade the harvest 
yield and adversely affect the starch and end-product qualities (Mares and Mrva, 
2008b). 
Previous studies of amylases mainly focussed on either -amylases in the 
mature grains or -amylases in germinated grains because polymorphic forms of 
these amylases exist at different times in the wheat grain cycle and they can only 
be detected at optimal IEF conditions and pH range (Ainsworth et al., 1987; 
Ainsworth et al., 1983; Gale and Ainsworth, 1984; Sharp et al., 1988b).  Because of 
these selective analyses, deficiencies and confusion in the nomenclature of 
amylase isozymes arises.  For instance, Ainsworth et al., (1983) used a narrow pH 
range (4.0-6.5) to study -amylase isozymes, while Daussaunt & Lauriere (1990) 
used a broad pH range (3.0-10.0) to identify -amylase bioactivity. 
Since these methodologies differ in sample selection, extraction protocols as well 
as pH range, there are great differences in the numbers of isozymes identified.  
With -amylases, there is even more diversity in the IEF methodologies (Belay and 
Furuta, 2001; Gale et al., 1983; Garcia-Maya et al., 1990; Hader et al., 2003; 
MacGregor et al., 1988; Nishikawa and Nobuhara, 1971; Sargeant, 1980).  
Because of these differences, it is hard to establish a standard nomenclature for - 
as well as -amylases.  Furthermore, relative comparison between - and -
amylases on the basis of pI is also restricted. 
In most published literature, amylase isozymes were given a number associated 
with the band identified on the gel (Ainsworth et al., 1983; Gale and Ainsworth, 
1984; Gale et al., 1983).  Furthermore, these studies were generally revolved 
around the Chinese Spring nullisomics or limited to a small numbers of wheat 
varieties (Daussant and Lauriere, 1990; Garcia-Maya et al., 1990; Nishikawa et al., 
1981; Nishikawa and Nobuhara, 1971), there is not enough data to construct a 
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composite number of polymorphic bands from a diverse range of wheat varieties to 
establish a standard reference nomenclature. 
For the above reasons, a systematic clarification of polymorphic amylase 
isoforms using an integrated analysis of- and-amylase polymorphisms not only 
in mature grains but also in germinated grains is required.  Amylase polymorphisms 
can also be used to examine relationships between wheat varieties as well as 
hereditability within and between species. 
This chapter reports on - and -amylase polymorphisms in Australian wheat 
varieties found by using a broad pH range to separate amylase isoforms and further 
identifies the differences in amylase expression in LMA-prone, LMA-resistant and 
LMA wheat varieties. Relationships between wheat varieties based on amylase 
polymorphisms were investigated and mapping of the amylase isozymes to specific 
genomes using the Chinese Spring nulli-tetrasomic lines was undertaken. 
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4.2 MATERIALS AND METHODS 
4.2.1 Plant Materials 
A total of 39 Australian wheat varieties (T. aestivum) and 3 high-amylose 
breeding lines AO1983, SM1028 and VK306 were selected for the analysis of 
amylase polymorphisms (Appendix 5 section 1).  The varieties Spica, Sunco and 
Kennedy were use for in-depth analysis of LMA expression. 
 
4.2.2 DNA Extraction 
DNA from mature grains was extracted as described in Chapter 2.6.1 for PCR 
amplifications of puroindoline genes.  
 
4.2.3 PCR Amplifications of Puroindoline Genotypes 
Amplification of Pina-D1 and Pinb-D1 genes was performed as described by 
Gautier et al. (1994) with some modifications using the sense primer PINA-F 5’-
ATGAAGGCCCTC TTCCTCATAGG-γ’ and anti-sense primer PINA-R 5’-
TCACCAGTAATAGCCAATAGTGC-γ’ for the Pina-D1 gene and the sense primer 
PINB-F 5’-ATGAAGACCTTATT CCTCCTAGCTCTC-γ’ and anti-sense primer 
PINB-R 5’-TCACCAGTAATAGCCACTA GGGAA-γ’ for the Pinb-D1 gene.  PCRs 
were carried out as described in Chapter 2.6.2. 
 
4.2.4 Germination, Growth and Induction 
Grain samples (10 grains) were incubated on moist filter papers in Petri dishes at 
room temperature.  Samples of grains were harvested at 0, 6, 12, 18, 24, 36, 48, 72 
and 96 h after imbibition. 
Simultaneously, six replicates of Sunco, Spica and Kennedy (5-10 grains) were 
sown per pot (20 cm diameter) in an open shade house at Elizabeth Macarthur 
Agricultural Institute, Menangle.  The temperatures during spring period range from 
a low of 10C (night) to a high of 30C (day).  Spikes were tagged at anthesis (day 
0).  At 26 days post-anthesis, plants were transferred to a controlled cool room 
(10C) for LMA induction.  After 10 days of cold treatment, the plants were 
transferred to a room temperature environment until the grains ripen. 
 
 
 
 
95 
 
4.2.5 Amylase Protein Extraction 
Mature grains and grains excised from 96 h germinated seeds were extracted 
[5:1 v/w] with 20 mM sodium acetate buffer pH 5.5 supplemented with 1 mM 
calcium chloride (Verity et al., 1999). 
 
4.2.6 Protein Separation by IEF 
Protein exracts (50 g per well) were separated by IEF in a pre-cast broad range 
polyacrylamide gel (Ampholine™ PAGplate pH γ.5 – 9.5; GE Healthcare) as 
described in Chapter 2.4.4.  IEF conditions were set at 1500 V, 50 mA, 30 W for 1.5 
h. 
 
4.2.7 Zymogram Detection of Amylase 
In-gel amylase activity was detected in situ by hydrolysis of starch as described 
in Chapter 2.5.2. 
 
4.2.8 Western Transfer and Immunoblotting 
Immunoblotting procedures were followed as described in 2.7.2.1 and 2.7.2.3. 
Isoelectro-focussed proteins are passively transfer onto the PVDF membrane 
(Giersch et al., 2007) overnight and blocked with 3% skim milk for 1 h.  The 
transferred proteins were probed with two -amylase specific monoclonal 
antibodies, WheatRite MAb 1H5F12 and Wheat-CRC MAb 2C9B3.  Secondary 
conjugate mouse-HRP was used to detect binding and bands were visualised with 
TMB membrane substrate (Giersch, 1993). 
 
4.2.9 Biometric and Statistical Analysis 
The amylase bands were recorded as presence (1) or absence (1) and data was 
submitted into DendroUPGMA.  The digitised versions were shown only as 
illustrations of the intensity of the bands.  Relationships between wheat varieties 
and the related species were established as described in Chapter 2.8.  
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4.3 RESULTS AND DISCUSSION 
4.3.1 -amylase Polymorphisms in the Mature Wheat 
Grains 
Zymogram studies have been employed to reveal phylogenetic relationships 
(Hart, 1987) and the amylase polymorphisms has provided insight into evolutionary 
history of the wheat varieties (Belay and Furuta, 2001).  Following protein 
separation on native PAGE (Chapter 2.4.3), the amylase activity was detected in 
situ by hydrolysis of starch and visualised by iodine-staining.  A total of 12 -
amylase isozymes from 196 wheat and wheat-related varieties were resolved by 
native PAGE zymograms (Figure 4.1).  Another set of samples were also heated at 
70°C prior to electrophoresis and enzymatic activity was analysed. Since no bands 
were detected with heat-treated samples, it was assumed that only -amylase were 
present in these varieties (-amylases are heat-sensitive). This, however, does not 
rule out that retained -amylases (heat resistant) were present in some grains.   
10 20 30 40 50 60
70 80 90 100 110 120 130
140 150 160 170 180 190
Zym 1
Zym 12
Zym 1
Zym 12
Zym 1
Zym 12
A
 
Figure 4.1: Amylase polymorphisms resolved by native PAGE and zymogram. 
 
A dendrogram was derived from the pairwise similarities of assigned -amylase 
bands (Figure 4.2).  The tree was set up with the distance matrix using the UPGMA 
method and the similarity coefficient was calculated using the RMSD coefficient.At 
40% similarity, the wheat and wheat related species were separated into three 
blocks.  At 50% similarity, Block 2 was further didived into three clusters C2-C5.  
The wheat and related species were distributed randomly into each clusters and 
only C4 was composed of hexaploid wheats. 
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Bands 1, 2 and 5 were found only in T. searsii suggesting these bands are 
associated with the B-genome (Appendix 5 section 2), while bands 3 and 4 were 
found only in T. tauschii (Ae. squarrosa) suggesting these bands are associated 
with the D-genome, however, none of these bands were present in the polyploid 
wheats.  Band 6 was found in 26.5% of the surveyed varieties including T. tauschii, 
Ae. speltodies, S. cereale, some T. aestivum and the majority of T. spelta; however, 
uncertainty of the contributing donors was concluded as this band was presence in 
the A-, D- and R-genome species. 
In hexaploid wheat, bands 7 and 8 were predominant, only a small fraction of the 
hexaploid varieties possessed bands 9 and 10 (Block 3).  Band 7 was present in 
almost all the surveyed varieties (90%) except in T. timopheevi and S. cereale. 
Band 8 was the second major band (64%) present in all hexaploid wheat and Ae. 
speltoides. This band probably came from the B-genome donor. The absence of 
this band in tetraploid wheat suggests that the B-genome donor for tetraploid wheat 
is different from the hexaploid. The hexaploid wheat probably acquired the B-
genome from the Ae. speltoides whereas, the tetraploid posses the B-genome from 
T. searsii (Bands 7 and 9 present in T. searsii was also found in T. turgidum 
durum). 
Bands 9 and 10 only present in Ae. speltoides, T. searsii, T. dicoccoides and 
some T. aestivum and T. spelta varieties.  Bands 9 and 10 are equivalent to the -
amylase fast-mobility type (Wu et al., 2011).  Species in Cluster 5 and 6 possessed 
both bands 9 and 10, while species in Cluster 7 only possessed band 10.  None of 
the T. turgidum durum expressed these bands except T. turgidum dicoccoides 
suggest the presence of bands 9 and 10 in hexaploid wheat and some spelt are 
derived from T. turgidum dicoccoides (AABB).    It was found that bands 9 and 10 
were expressed in N5DT5B further support their origin from either the A-genome or 
B-genome ancestors (Wu et al., 2011).  From the surveyed group, only the B-
genome species were clustered together with these bands (Cluster 3) suggest that 
bands 9 and 10 are likely came from the B-genome species T. searssii or Ae. 
speltoides.  The T. timopheevi species was also found to possess band 10. 
Other fast-mobility -amylase bands observed are band 11 and band 12.  Band 
11 was found in all T. timopheevi (5), T. spelta (1), Ae. speltoides (1), T. tauschii (1) 
and T. monococcum (2). This protein band was not present in the common bread 
wheat.  Band 12 was found in one species of T. vavilovii and further information is 
required in order to understand the origin of these fast-mobility -amylases. 
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It has been reported that more amylase isozymes were identified using IEF 
separation methodologies, a group of Australian wheat varieties (Appendix 5 
section 1) were selected for the study amylase polymorphisms in the soluble 
subproteome. 
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Figure 4.2: Dendrogram displaying relationships of wheat varieties based on 
amylase polymorphisms by native PAGE zymogram in the mature grains of soluble 
subproteome.  
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4.3.2 Classification of Australian wheat varieties 
Thirty nine Australian wheat varieties and three high-amylose breeding lines 
were chosen for the analysis of - and -amylase activity.  The selected wheat 
varieties were graded as hard or soft (Cornish et al., 2007) and this difference is 
determined by the puroindoline genes (Cane et al., 2004; Pickering and Bhave, 
2007). The genes Pina-D1 and Pinb-D1 encode puroindolines pinA (major isoform) 
and pinB (minor isoform) respectively (Giroux and Morris, 1998). Conjoint 
expression of pinA and pinB in wild-type with Pina-D1a and Pinb-D1a alleles, 
endows softness.  A deletion of pinA (null allele Pina-D1b) or a mutation of the pinB 
(null or mutated allele Pinb-D1b) results in hardness (Gale, 2005; Giroux and 
Morris, 1998). In order to confirm the grain hardness of the high-amylose breeding 
lines and the varieties that have not been previously classified by puroindoline 
genotyping, the selected wheat varieties were subjected to PCR amplification 
testing (Gautier et al., 1994). 
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Figure 4.3: Analysis of PCR products amplified from Australian wheat varieties 
genome DNA with specific Pina-D1 and Pinb-D1 primers.  Ethidium bromide 
stained agarose gels showing polymorphisms in the pina (A) and pinb (B) alleles 
after CelI digestion. 
 
A PCR product of 450 basepair (bp) determined the presence or absence of 
Pina-D1 gene (Fig. 4.3A) while a PCR product of 225 bp (Fig. 4.3B) indicated the 
absence or a mutation of the Pinb-D1 gene. The high-amylose breeding lines 
AO1083, SM1028 and VK306 were classified as hard wheats based on 
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puroindoline genotypes.  The selected wheat varieties were also confirmed as hard 
or soft wheat based on puroindoline genotypes.  The 42 surveyed wheat varieties 
contained only one soft wheat genotype (Pina-D1a/Pinb-D1a) and three genotypes 
for hard wheat (Pina-D1a/Pinb-D1b, Pina-D1b/Pinb-D1a and Pina-D1b/Pinb-D1b). 
In earlier studies, only two puroindoline genotypes for hard wheat were determined 
in the Australian gene pool – Pina-D1a/Pinb-D1b and Pina-D1b/Pinb-D1a (Cane et 
al., 2004; Chen et al., 2013; Pickering and Bhave, 2007).  From this study, the 
genotype Pina-D1b/Pinb-D1b for hard wheat was found in the variety Sunzell 
(Table 4.1).  This genotype only present in a minority group of wheat varieties found 
in China and the Netherlands (Chen et al., 2013). 
Based on the puroindoline genotypes, the 39 Australian wheat varieties and 
three high-amylose breeding lines could be assigned as hard or soft wheat 
respectively (Table 4.1).  A pedigree diagram was established to show parental 
lineages and relationships between these varieties (Appendix 5 section 3). 
 
Table 4.1: Classification of Australian soft (red) and hard (blue) wheat varieties 
based on phenotypes and supported with puroindoline gene markers. 
Variety Grade1 Pina-D1 Pinb-D1 Variety Grade1 Pina-D1 Pinb-D1 
AGT Young Hard a b Meering2,3 Hard a b 
Banks2 Hard a b OA1983 Hard b a 
Barham Soft a a QAL-2000 Soft a a 
Blade3 Hard a b QAL-Bis Soft a a 
Bolac Hard a b Rosella2,3 Soft a a 
Bowie2 Soft a a SM1028 Hard a b 
Bullaring Soft a a Spica Hard a b 
Cadoux Soft a a Sunco Hard a b 
Carinya Hard a b Sunlin3 Hard a b 
Correll Hard a b Sunmist Hard a b 
Datatine Soft a a Sunzell Hard b b 
Diamondbird2,3 Hard b a Tammin Soft a a 
Dollarbird2,3 Hard b a Tincurrin2 Soft a a 
EGA Hume Hard a b Thornbill Soft a a 
Excalibur Hard a a Triller Soft a a 
Frame2,3 Hard a b Ventura Hard b a 
H45 Hard a b VK306 Hard a b 
Janz2,3 Hard a b Vulcan2 Hard a b 
Kennedy3 Hard b a Westonia3 Hard b a 
Kukri2 Hard a b Yanac2 Hard a b 
Lang Hard a b Yenda Soft a a 
 
1
 Grain hardness classification of Australian wheat varieties (Cornish et al., 2007). 
2,3
 Reported puroindoline genotypes of Australian wheat varieties (Cane et al., 2004; Pickering and 
Bhave, 2007) 
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4.3.3 Optimisation of Conditions for Amylase Detection 
Mature grains only contain storage -amylases, while -amylases are 
synthesised de novo upon germination. To ensure the coverage of whole amylase 
spectrum and the maximum number of amylase bands expressed, mature grains 
were germinated at different time points prior to protein separation and in-gel 
staining. By the 4th day of germination, all -amylases are expected to be 
expressed (Machaiah and Vakil, 1984; Sargeant, 1980). 
Mature grains from wheat variety Rosella (20 grains) were incubated on moist 
filter papers at room temperature. Samples of grains were harvested at the 
following time interval – 0, 6, 12, 18, 24, 36, 48, 72 and 96 hours after imbibition. 
Germinated grains were extracted in water.  Extracted sample proteins were 
separated on native PAGE and amylase profiles were identified by zymogram 
iodine staining (Figure 4.4).  From T36 onwards, extra amylases were detected on 
the gel. 
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Figure 4.4: Analysis of wheat amylase expressions at different germination time 
points by native PAGE. 
 
To confirm that de novo synthesised -amylases are present in germinated 
grains, the protein extracts from T96 were heat-treated prior to protein separation 
and stained for enzymatic activity. -amylase activities are known to be affected by 
heat-treatment (Sargeant, 1980).  Different temperature and heating time for 
sample treatments were investigated (Figure 4.5).  At a lower temperature (65oC), 
the -amylase activity resolution was poor. At 75oC some -amylase isoenzymes 
102 
 
were deactivated. The optimal condition determined to inactivate -amylases was 
15 min at 70oC. 
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Figure 4.5: Optimisation conditions for the inactivation of -amylase activity. 
 
Different IEF conditions have been used in the separation and identification of 
wheat amylases. Variations in the selection of extraction buffers, gel matrix, pH 
ranges and the sample/variety selection used make comparative analysis of 
amylases difficult (Appendix 5 section 3). To examine differences from using of 
different extraction buffers, wheat variety Lang was germinated and the grains were 
subjected to different extraction buffers as follow: 
1. 340 mM sodium chloride, 1 mM calcium chloride (Lunn et al., 2001a) 
2. 200 mM sodium acetate pH 5.5, 1 mM calcium chloride (Marchylo et al., 
1976) 
3. 20 mM sodium acetate pH 5.5,1 mM calcium chloride (Verity et al., 
1999) 
4. Deionised water (Osborne, 1907; Scholz et al., 2000) 
5. 500 mM sodium chloride (Osborne, 1907; Scholz et al., 2000) 
The protein extracts were separated by native PAGE and stained with iodine for 
amylase activity.  An extra -amylase band (arrow) was found in extracts using 
sodium-calcium chloride, and sodium acetate/calcium chloride buffers (lanes 1, 2 
and 3).  The Osborne protocol extraction for albumin and globulin proteins (lanes 4 
and 5) was not effective in extracting all -amylases (Figure 4.6). The -amylase 
profile remains consistent in 340 mM sodium chloride, 200 mM sodium acetate and 
20 mM sodium acetate. However, at lower salt concentration is beneficial for 
running IEF gels (Garrett and Grisham, 1999). As a result, a modified sample 
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extraction methodology was adopted for the analysis of amylases (Verity et al., 
1999). 
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Figure 4.6: Optimisation of buffers for -amylases extraction. 340 mM sodium 
chloride, 1 mM calcium chloride (1), 200 mM sodium acetate pH 5.5, 1 mM calcium 
chloride (2), 20 mM sodium acetate pH 5.5,1 mM calcium chloride (3), deionised 
water (4), 500 mM sodium chloride (5). 
 
Alpha-amylase genes are expressed twice in the wheat cycle. Group I 
isoenzymes are highly expressed during germination (Akazawa and Miyata, 1982) 
while group II expressed at a lower level in the developing grain (Olered and 
Jonsson, 1970). In germinating wheat, there are two groups of -amylase 
isoenzymes synthesised and were classified on the basis of their pI values (Olered 
and Jonsson, 1970). Group I isoenzymes have pI values of 6.0-6.5 and group II 
isoenzymes were found in the pI range of 4.5-4.8 (Sargeant, 1980).  Native PAGE 
separation provides an enzymatic activity of amylases; however, it could not 
provide information on which types of enzymes were expressed. 
Protein extracts from different germination time points of the varieity Ventura 
were separated by IEF on a broad range pH gel.  Amylase expressions were 
detected by zymograms (Figure 4.7A). Removal of -amylases by heat-treatment 
revealed the expression of two groups of -amylases (Figure 4.7C).  High pI -
amylases are expressed from 36 h and low pI -amylases are expressed from 72 h.  
No amylases were found in mature grains (0 h) and throughout the first two days 
post-germination. The digitised versions (Figure 4.7B and 4.7D) were illustrations of 
the intensity for the presence or absence of the bands. 
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Three prominent low pI isoenzymes were found on the 4th day of germination 
and at least eight bands were found in the high pI group of -amylases, which is 
more than what have reported earlier (Kruger, 1972; Machaiah and Vakil, 1984).  
The maximum numbers of bands were resolved in 96 h post-germination extracts. 
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Figure 4.7: Expressions of wheat amylases of the varieity Ventura at different 
germination time points by IEF. (A) Amylase activity of germinated wheat grains. (B) 
Digitised representation of A. (C) Amylase activities of purported -amylases 
following heat-treatment. (D) Digitised representation of C. 
 
4.3.4 Amylase Polymorphisms in the Australian Wheat 
Varieties 
Previous research on amylases are focussed on targeted groups of isozymes 
such as -amylases (Ainsworth et al., 1983; Sharp et al., 1988b) or -amylases 
(Nishikawa and Nobuhara, 1971) and the naming system for these amylase bands 
were inconsistent when comparing across different studies. To establish a 
standardised nomenclature for the in-gel amylases in the wheat grain, a combined 
IEF protocol with in situ activity staining of amylase activity was adopted to track 
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protein polymorphisms.  Since mature grains only contain storage -amylases, 
while -amylases are synthesised de novo upon germination, grains were 
germinated for 96 h prior to analysis to ensure representation of both  and  
amylases in the soluble subproteome.  Protein extracts from the soluble 
subproteome were loaded onto a pre-cast broad range polyacrylamide gel 
(Ampholine™ PAGplate pH γ.5-9.5) and separated by IEF for 1.5 h at 1,500 V, 50 
mA, 30 W.  In-gel amylase activity was detected in situ by hydrolysis of starch and 
visualised by iodine staining.  Protein extracts from germinated grains of 42 wheat 
varieties were separated by IEF followed by zymogram is shown in Figure 4.8A and 
a digitised representation is shown in Figure 4.8B. 
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Figure 4.8: (A) Zymogram depicting total amylase activity (purported  and  
amylases) in germinated grains resolved by IEF and iodine staining. (B) Digitised 
representation of A.   
 
For clarification, a composite diagram of all activity-stained bands was 
constructed to establish a standard nomenclature. These amylase bands do not 
distinguish  from  and have been numbered A1 to A19 with pI ranging from 4.6 to 
8.1 (Figure 4.9).  For future reference, these bands will be referred to on the basis 
of relative pI.  Based on published information, bands A3-A8 (pI 4.9-6.0), as well as 
A10-A16 (pI 6.3-7.5) are recognised as low and high pI amylases respectively 
(Lazarus et al., 1985). Although very high pI amylases (pI > 10) have been 
mentioned (Baulcombe et al., 1987), the bands A17-A19 (pI 7.7-8.1) have no 
corresponding proteins mentioned in the literature. 
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Figure 4.9: Composite representation of all detectable in-gel amylase activity 
according to their pI.  Nomenclature for all detectable in-gel amylase bands in 
germinated grains from 42 Australian wheat varieties. 
 
4.3.5 Separation of -from -amylase Isozymes by Heat 
Treatment 
Since -amylases can be inactivated by heat treatment, extracts from 
germinated grains were heated prior to IEF separation and in-gel staining. 
Polymorphisms of heat-stable -amylase from 42 wheat varieties are shown in Fig 
4.10A and a digitised representation is displayed in Fig. 4.5B. 
A composite representation of all detectable heat stable -amylase bands from 
42 wheat varieties are labelled as 1 to 19 (Fig. 4.11B). According to the 
published literature, bands 1-8 are low pI -amylases while bands 10-16 are 
high pI -amylases (Gale et al., 1983).  Four bands 17-19 (pIs 7.7-8.0) have not 
been documented in the literature.  Bands 5, 7, 8 and 10 are highly 
polymorphic in the Australian wheat varieties. 
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Figure 4.10: (A) Zymogram depicting amylase activity in germinated grains after 
heat treatment (purported destruction of heat-sensitive -amylases) resolved by IEF 
and iodine-stained. (B) Digitised representation of A. 
 
The elimination of -amylase activity from A bands (potentially containing both  
and  activities) can now be used to identify true -amylases in germinated grains.   
Bands A6 and A9 are completely lost after heat treatment, while bands A7 and A8 
disappeared from the majority of Australian wheat varieties (Figure 4.11), 
suggesting these bands are heat-sensitive -amylases.  Bands A2 and A5 exist 
only in half of the surveyed wheat varieties.  With the elimination of  bands, better 
resolution of bands was observed, and three additional bands 14-1, 15-1 and 17-1 
were resolved. 
For enough sufficient comparative analysis and establishing a standardised 
nomenclature for -amylases, mature grains were extracted and separated by IEF 
in the same conditions as the germinated grains.  -amylase polymorphisms in 
mature grains are displayed in Figure 4.12 and a total of 22 detectable bands from 
42 wheat varieties are named 1-19 (Fig. 4.13C).  Three new bands 10-1, 14-1 
and 15-1 were identified with pI of 6.5, 7.2 and 7.4 respectively.  According to 
Ainsworth et al. (1983), bands 1-5 (pI 4.6-5.5) falls within the prescribed pI range 
for -amylases. Bands 6-19 were found to be located at a higher pI range (pI 5.6-
8.0) than the reported -amylase isozymes. 
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Figure 4.11: Composite representation of all detectable in-gel amylase activity 
according to their pI. (A) Nomenclature of all detectable amylase bands in 
germinated grains. (B) Bands of heat-stable -amylases.   
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Figure 4.12: (A) Zymogram depicting amylase activity (purported -amylases only) 
in mature grains resolved by IEF and iodine-stained. (B) Digitised representation of 
A.   
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To confirm that these bands are -amylases, the extracts from the mature grains 
were heat-treated prior to analysis.  Under these conditions, no detectable bands 
were found from the extracts of 42 wheat varieties (data not shown). The low pI -
amylases and -amylases have very close pI range at 4.5-5.5 (Figure 4.13).  Using 
a standard strategy to separate and visualise amylase activities in the wheat grains, 
 and  amylases from 42 wheat varieties can be identified.  Bands A6 to A9 are -
amylases (with a few exceptions with bands A7 and A8), while bands A1, A2, A5 
and A10 are mixtures of both - and -amylases. 
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Figure 4.13: Composite representation of all detectable in-gel amylase activity 
according to their pI. (A) Nomenclature for all detectable amylase bands in 
germinated grains. (B) Bands for heat-stable -amylases. (C) Bands for storage -
amylases in mature grains. 
 
4.3.6 Confirmation of -amylase Isozymes by Blotting 
To confirm the effectiveness of heat-treatment, isoelectro-focussed proteins from 
germinated grains were transferred onto a PVDF membrane and probed with -
amylase specific monoclonal antibody MAb 2C9B3 developed by Value Added 
Wheat CRC at EMAI (Figure 4.14).  The monoclonal antibody 2C9B3 is a pan -
amylase antibody detecting both high and low -amylase isozymes.  Proteins 
separated on the IEF gel was passively transferred onto a PVDF membrane for 2 h 
and probed with MAb 2C9B3 (1 mg/mL). To ensure that there are no cross-
reactivities, mature grains were also probed with MAb 2C9B3.  No reactivities were 
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detected in the mature grains confirming that MAb 2C9B3 is -amylase specific 
(data not shown). 
The -amylase bands detected by enzymatic activity and antibody reaction are 
very similar (>80%).  The differences in a small numbers of bands by immunblotting 
are probably due to the epitope specificities of the monoclonal antibody used. 
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Figure 4.14: (A) Immunoblot depicting -amylase reactivity bands in germinated 
grains resolved by IEF and probed with -amylase specific monoclonal antibody.  
(B) Diagrammatic interpretation of A. 
 
4.3.7 Identification of -amylases in Different LMA Wheat 
Genotypes 
In recent years, the problems with late maturity or pre-germination amylases 
have caused great concerns for the wheat industry.  About 20% of current varieties 
and advanced breeding lines are known to be susceptible to LMA (Mares and Mrva, 
2008b).  Although -amylase activity ceases during normal grain development and 
ripening (Yoshida, 1983), some varieties still expressed high pI isozymes during the 
later stages of ripening (Appendix 5 section 5) and subsequently leading to cell 
death in the aleurone (Mrva and Mares, 1999; Mrva et al., 2006), low falling number 
and downgrade harvest quality (Derera, 1989; Kruger, 1989; Lunn et al., 2001b). 
Although the trait is genetically controlled, the variability in LMA expression is due 
to complex interactions with the environment (Farrell and Kettlewell, 2008; 
Johansson, 2002; Mares and Mrva, 2008a).   
111 
 
Dwarfing was previously described as associated with LMA. The Rht dwarfing 
alleles at loci on the short arms of 4B and 4D have also been shown to reduce -
amylase activity, without affecting germination (Flintham et al., 1997; Mrva and 
Mares, 1996a).  Approximately 90% of primary synthetics developed LMA during 
grain ripening and about half had extreme levels of -amylase normally only seen in 
wheat lacking semi-dwarfing (Mares and Mrva, 2008a).  
Three wheat varieties with known Rht phenotypes/genotypes and LMA status 
based on published literature were selected from the set of 42 Australian wheat 
varieties used for the analysis of amylase isoforms in LMA wheat varieties (Table 
4.2).  LMA is commonly assessed using a commercial WheatRite kit, where the 
MAb 1H5F12 used was reported to be high pI -amylase specific (Verity et al., 
1999).  The chosen varieties were assessed for -amylase levels in mature grains 
by ELISA with the WheatRite antibody (Figure 4.15). 
 
Table 4.2: Dwarfing phenotype and genotype (Mrva et al., 2009) of selected wheat 
varieties used for the analysis of LMA. 
Variety Phenotype Genotype LMA Status 
Sunco Semi-dwarf Rht1 Non-LMA 
Spica Tall rht LMA 
Kennedy Semi-dwarf Rht1 LMA-prone 
 
Spica is known to retain the highest levels of -amylase, while Kennedy has 
some -amylase in the mature grains.  No LMA was detected in Sunco.  The 
purified -amylase (provided with the kit) and -amylase proteins (purified by Ming 
Wu, EMAI) were used as positive and negative controls for the assay. 
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Figure 4.15: ELISA measurement for LMA activity in wheat varieties. 
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Since detection by ELISA does not provide the identity of the -amylase 
isozymes, the extracts from these varieties were separated by IEF and amylase 
activity was detected by zymogram and immunoblotting (Figure 4.16).  Three high 
pI -amylase bands 11, 12 and 13 were detected by enzyme activity in Spica, 
however, no bands were detected by immunoblotting.   
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Figure 4.16: Zymogram and immunoblot depicting LMA reactivities in mature 
grains of wheat varieties. 
 
 To ensure that there was enough sufficient -amylases for detection, the grains 
were germinated and extracts from the germinated grains were also blotted as a 
positive control (Figure 4.17).  Although the MAb 1H5F12 showed very low affinity 
by immunoblotting, it is confirmed to be a high pI -amylase specific monoclonal 
antibody (Verity et al., 1999).  In an ELISA format, MAb 1H5F12 produced a higher 
ELISA reading than MAb 2C9B3 (data not shown), whereas MAb 2C9B3 is more 
reactive against -amylases by immunoblotting.  MAbs 1H5F12 and 2C9B3 have 
different affinity in recognising -amylase isoform identity.  MAb 1H5F12 is superior 
in detecting epitopes but not sequence identity and vice versa for MAb 2C9B3. 
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Figure 4.17: Zymogram and immunoblot depicting LMA reactivities in germinated 
grains of wheat varieties.   
 
4.3.8 Investigation of LMA Expression by Cold 
Temperature Induction 
As the grain matures, the levels of -amylases decline while the levels of -
amylases increase and are stored as storage proteins in the mature grains.  High 
levels of retained -amylases will downgrade wheat quality and adversely affect 
flour quality.  Many of LMA-prone genotypes have other highly desirable agronomic 
attributes that make them attractive parents.  Genetic studies were consistent with 
control at a single locus with high -amylase the recessive allele (Mrva and Mares, 
1996b).  This mode of inheritance would make it extremely difficult to differentiate 
homozygous low -amylase lines from heterozygotes (low -amylase phenotype 
but carrier of high -amylase).  Cold temperature shock during the grain filling 
period (25-35 days post-anthesis) was reported to cause the synthesis of high pI -
amylases in LMA and LMA-prone wheat varieties (Farrell and Kettlewell, 2008; 
Mrva and Mares, 2001).  In the absence of temperature shock, field grown semi-
dwarf LMA-prone genotypes have a non-LMA phenotype (Mares and Mrva, 2008a). 
LMA-prone genotype Spica (rht) produce high levels of high pI -amylase 
isozymes under normal growing conditions (Mares and Gale, 1990) whereas, 
Kennedy (Rht1 semi-dwarfs) only produces LMA if grains are subjected to cool 
temperature shock during the middle to later stages of grain development (Mrva 
and Mares, 1996a; Mrva et al., 2008).   
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To investigate the expression of amylases by cold temperature induction, mature 
grains of varieties Sunco, Spica and Kennedy were sown (six replicates) and 
induced in a controlled temperature (10°C) environment.  Three replicates from 
each variety were subjected to cold temperature induction while the remaining three 
replicates were allowed to grow on field.  Samples were collected at different time-
points during wheat grain development to use for this analysis (Appendix 5 section 
6).  Samples were collected prior to sowing (mature grains), germination 
(germinated grains), day 15 post-anthesis (green grains), day 26 post-anthesis and 
prior to 10°C temperature shock induction (grain filling), day 36 post-anthesis or 10 
days post-induction (grain drying) and day 46 post-anthesis or 20 days post-
induction (grain maturation). Extracts of the grains were made, separated by IEF 
and stained for enzymatic activity.  Since only the levels of retained -amylases are 
known to affect and downgrade the wheat flour quality, grain extracts were heat 
treated to remove -amylase activity.  A IEF zymogram depicting -amylase 
expression in the wheat grain cycle is shown in Figure 4.18.   
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Figure 4.18: (A) Analysis of -amylase expressions during the wheat grain cycle. 
(B) Digitised interpretation of A. 
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Prior to sowing, only Spica possessed four high -amylase isozymes (11-14) 
in the mature grains (sample 1).  When germinated (sample 2), all wheat varieties 
expressed both high and low -amylase isozymes.  These are de novo amylases 
and are believed to be different from those causing LMA.  Developing and 
germinating grains of wheat contain two classes of -amylases.  The ‘green’ 
enzyme is present in the early development and the ‘malt’ enzyme is the main 
constituent during germination (Olered and Jonsson, 1970).  Higher levels of the 
‘green’ isozymes are observed during germination than during development.  The 
germination enzyme is produced by the aleurone cells and secreted into the 
endosperm, while in the developing grains the enzyme is present in the pericarp 
(Kruger, 1976) and its level decreased upon maturation (Kruger, 1972).  At the 
green grain (sample 3) to grain filling (sample 4) stages (15-26 days after 
flowering), only low pI -amylases are present while high pI -amylases are 
diminished; however, some high pI -amylase bands were retained in Spica 
(sample 4). 
After 10 days of cold temperature (10°C) induction (sample 5), high pI -amylase 
isozymes (10-18) are found to express in Spica (LMA) and Kennedy (LMA-
prone) but not in Sunco (LMA-resistant).  This confirms literature reports that high pI 
-amylases are expressed by cold temperature induction during the later stages of 
grain filling in LMA-prone wheat varieties (Farrell and Kettlewell, 2008; Mrva and 
Mares, 2001).  As the grain ripens (sample 6), the levels of high pI -amylases 
decline in Spica and Kennedy.  However, the high pI -amylases synthesised 
during the grain maturation period have affected the grain quality.  This was 
observed by the shrivelling of the wheat grains.  To confirm the levels of -amylase 
activity in mature grains, the samples from induced grains and grains that matured 
on the field were tested by ELISA using MAb 1H5F12.  Both varieties Spica and 
Kennedy contain retained -amylase but the levels are much higher in the induced 
grains (Figure 4.19). 
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Figure 4.19: ELISA measurement for LMA activity in wheat varieties. 
 
4.3.9 Relationships between Wheat Varieties based on 
Amylase Polymorphisms 
The data from the amylase polymorphisms were subjected to DendroUPGMA 
and dendrograms were derived from the UPGMA algorithm based on the RMSD 
coefficient (described in Chapter 2.8).  The faithfulness of the dendrogram was 
measured by the cophenetic correlation (CP) coefficient.  
Using a RMSD coefficient cut-off at 0.5, the relationship between varieties based 
on non-differentiated - and -amylase polymorphisms revealed two major blocks 
(Figure 4.20).  At the RMSD coefficient of 0.4 (60% similarity), three clusters C1, C2 
and C3 are further separated in Block 1.  The CP correlation coefficient for 
generating the dendrogram from total amylase polymorphisms in germinated grains 
is 0.916.   
Bands A16, A17 and A18 are responsible for the differentiation of the two blocks, 
while band A19 separates the clusters C1 and C2 from C3 in Block 1 (Appendix 5 
section 7).  Statistically, based on the 2 and p values, these four bands are highly 
significant and were ranked A17 > A16 > A18 > A19 accordingly.  Clusters C2 and 
C4 contained both hard and soft wheat varieties while C1 and C3 composed of only 
hard wheat varieties. 
Based on the -amylase polymorphisms in mature grains at 0.5 RMSD 
coefficient cut-off value; the wheat varieties are sorted into three blocks (Figure 
4.21).  At the RMSD coefficient of 0.4 (60% similarity), four clusters C1-C4 are 
further separated in Block 1.  Each of the cluster composed of either hard or soft 
wheat varieties, except one hard wheat variety segregated in C1 with the soft 
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varieties.  Lack of bands 8 and 14-19 separate Block 3 from the other two blocks 
while possession of bands 18 and 19 and together with the absent of band 10 
detaches Block 2 from Block 1 and Block 3.  Within Block 1, the absent of band 8 
determines C1; lack of bands 10-1 and 14-1 isolates C2; the absent of band 10 
contributes to C3; and lack of band 5 influences the separation of C4. 
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Figure 4.20: Cluster analysis of Australian wheat varieties based on total amylase 
polymorphisms in germinated grains. 
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Since relationships between wheat varieties are calculated on the basis of 
preformed -amylases, the noise from de novo -amylases has been minimised.  
Unfortunately, there is no single marker band in separating hard and soft wheats.  
However, as observed, three bands 8 (majority), 18 and 19 (very few) only 
present in hard wheat varieties (Appendix 5 section 7).  Statistically, based on the 
2 value, only 11 bands (2 = 19 > 16 > 15 > 9 = 18 > 13 > 17 > 14 > 14’ 
> 5) out of 22 bands were found to be significant (p<0.001) in separating wheat 
into different clusters. 
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Figure 4.21: Cluster analysis of Australian wheat varieties based on storage -
amylase polymorphisms in mature grains. 
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In the same way, clustering of -amylase polymorphisms also failed to separate 
hard from soft wheat varieties in each of the cluster (Figure 4.22).  At 0.6 RMSD 
cut-off value (40% similarity), the wheat varieties are separated into two blocks.  At 
50% similarity, Block 1 was divided into three clusters C1-C3 while Block 2 was 
separated into two clusters C4-C5.  Only three clusters C2, C3 and C4 composed 
of hard wheat, with an exception of one soft wheat variety observed in both C2 and 
C3.  Combinations of 1-5, 7-8 and 10 bands contribute to the separation of C5.  
Within Block 1, possession of bands 7 and 8 constitute of C3; absent of band 2 
determines C2. 
As observed the very high pI bands 19 (pI 8.0) only present in some hard 
wheat varieties (Appendix 5 section 7).  Based on the 2 value, 14  bands (7 > 
8 > 17 > 15 = 15’ = 17’ > 4 > 18 > 1 > 14’ > 5 > 10 > 3 > 19) were 
found to be statistically significant in clustering. 
Since -amylases do not provide a clear distinction for cluster differentiation, the 
high pI -amylases tend to play an important role in clustering as well as sorting 
hard from soft varieties. 
Genes encoding -amylases are found on chromosomes 4A, 4B, 5A and 5B 
(Ainsworth et al., 1983; Sharp et al., 1988a), while -amylase genes (Lazarus et al., 
1985) are found on chromosomes 6 (high pI) and 7 (low pI).  Very high -amylase 
genes are found on chromosome 5 (Baulcombe et al., 1987). 
To investigate the contribution of chromosomes and amylase isozymes, nulli-
tetrasomic lines from Chinese Spring were chosen for the analysis.  Since not all 
the lines were available for group 5 chromosomes, the compiled data presented 
cannot provide a complete picture of amylase expressions in group 5 
chromosomes.  No distinguishable information can be extrapolated from the -
amylase and the total amylase polymorphisms (data not shown), however, 
interesting observations were made from the -amylase polymorphisms in 
germinated grains (Figure 4.23). 
Group 5 chromosomes were known to encode for -amylases (Ainsworth et al., 
1987; Ainsworth et al., 1983) and very high pI -amylases (Baulcombe et al., 1987), 
from this, only one band 10 were found to be related to chromosome 5B.  This 
band is highly polymorphic and present in two-third of the studied wheat varieties 
(Figure 4.10).  Chromosome 6A is associated with bands 12 and 17, 
chromosome 6B to bands 14, 16 and chromosome 6D related to bands 13, 15 
and 19.  These high pI -amylases are present in almost all the wheat varieties.  
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Chromosomes 7A and 7B encode 3 and 1 respectively, while chromosome 7D 
associated with 5 and possibly 15.  The band 5 is highly polymorphic and 
present in 45% of the surveyed wheat varieties. 
This study is in agreement with the literature, where group 7 chromosomes 
encode low pI -amylases while group 6 chromosomes responsible for the 
expression of high pI -amylases (Lazarus et al., 1985) and further explores the -
amylase isozymes and their associations with certain chromosome/genome. 
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Figure 4.22: Cluster analysis of Australian wheat varieties based on heat stable -
amylase polymorphisms in germinated grains. 
121 
 
N
5A
T5
B
N
5B
T5
A
N
6A
T6
B
N
6B
T6
A
N
6D
T6
A
N
7A
T7
B
N
7B
T7
A
N
7D
T7
A
N
5A
T5
D
N
5B
T5
D
N
6A
T6
D
N
6B
T6
D
N
6D
T6
B
N
7A
T7
D
N
7B
T7
D
N
7D
T7
B
Ch
in
es
e 
Sp
rin
g
7A/3
7B/1
7D/5
6A/12
6B/14
5B/10
6D/13
6D/15
6A/17
6B/16
6D/19
7D/15?
 
Figure 4.23: Zymogram depicting expression of -amylase isozymes produced in 
germinated grains of euploid and groups 5, 6 and 7 nulli-tetrasomics of Chinese 
Spring.  The red dotted boxes indicate the absence of -amylase band(s) that have 
a potential association to certain nulli-tetrasomic lines. 
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4.4 CONCLUSION 
An important quality attribute in Australian wheat breeding is grain hardness.  
Hard and soft wheat are the two main market grades that determine the end-
products.  Hard and soft wheat are determined by the puroindoline genes.  From 
this study, one new gene Pina-D1b/Pinb-D1b was found in the variety Sunzell 
(Figure 4.3 and Table 4.1).  This gene has not been reported in Australia but was 
found in a minority group of wheat varieties from China and the Netherlands (Chen 
et al., 2013).  Based on the amylase activity polymorphisms of storage -amylase in 
mature grains and -amylase in germinated grains, a standardised nomenclature 
was assigned for the in-gel identification of amylases (Figure 4.13).  Traditionally, -
amylases have been categorised into low pI (4.9 – 6.0) and high pI -amylases (6.3 
– 7.5).  From the results presented in Chapter 4, the -amylases in the Australian 
wheat varieties can be categorised into three classes – low pI (4.6-5.4), 
intermediate pI (5.9-6.0) and high pI (6.3-7.8).  
Currently in Australia, LMA is a national problem.  Preliminary results show an 
adverse impact on dough mixing stability and tolerance as well as reduction on 
falling number (Mayer, 2012).  LMA is completely independent of PHS and can be 
expressed in sprouting tolerant and dormant genotypes.  At the moment the origin 
of LMA is still unknown.  LMA was not segregated from T. monococcum or Ae. 
tauschii but present in hexaploid wheat, including synthetics (AABBDD), and 
durums (AABB).  It was found that complex interactions with the environment are 
the key factor to the expression of LMA.  Unlike pre-harvest sprouting, which is 
induced by rainfall during grain development before harvest, LMA is triggered by 
low temperatures (Farrell and Kettlewell, 2008; Mrva and Mares, 2001) and can be 
expressed in sprouting tolerant or dormant genotypes.  By utilising proteomic 
techniques such as IEF and zymograms (Figures 4.16 and 4.18), bands 11, 12 
and 13 (pI 6.6-6.9) were found in the LMA wheat variety Spica, whereas upon cold 
temperature induction during grain filling, high pI -amylases 10-18 (pI range 
6.3-8.1) were expressed in both Spica and Kennedy. 
Amylase polymorphisms in the wheat soluble subproteome are useful for 
interrogation of genetic linkage between phenotypic marker and genotypic marker.  
From the clustering and statistical analysis, we can clearly see that high pI -
amylases were found to be important contributors in the grouping of wheat clusters 
as well as separating soft and hard wheat varieties (Figure 4.21). 
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Immunological Reactivity against 
Soluble Wheat Proteins 
5.1 INTRODUCTION 
Wheat is one of the most important sources of nutrition and commodities for 
mankind and is the third most important cereal in terms of worldwide grain 
production after maize and rice (Ashbridge, 2010; United States Department of 
Agriculture, 2013).  In the past two decades, an alarming increase of human 
sensitivity or adverse reactions to consumption of wheat and food products derived 
from wheat flour have been reported globally (Bjornsson et al., 1996; Burney et al., 
2010; Cataldo et al., 2004; Dai, 2008; Hill et al., 1997; Soller et al., 2010).  
Sensitivity to cereal foods is an important and complex issue.  Reactions to 
ingested wheat products can involve either immune mediated or non-immune 
mediated pathways (Figure 5.1).  Immune mediated reactions can either be IgE 
mediated or non-IgE mediated, which results in wheat allergy and celiac disease 
(CD) respectively.  Wheat intolerance, on the other hand, is caused by non-immune 
mediated reactions. 
 
Figure 5.1: Adverse reaction to ingested wheat-based products (Sapone et al., 
2012). 
Chapter 5 
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Wheat sensitivity is used to describe the adverse reactions that occur in human 
subjects following consumption of wheat.  It can be manifested sub-clinically or 
clinically in a number of symptomatic forms (Bahna, 2003; Cataldo et al., 2004; 
Hernandez et al., 1998; Kennedy and Feighery, 2000).  At present, the sub-clinical 
response cannot be directly attributed to an immune response but has been 
associated with a range of symptoms (Meloni et al., 1999).  This condition is often 
referred to generically as wheat intolerance (Ortolani and Pastorello, 2006).  A well 
known form of sensitivity to wheat is CD, an autoimmune response (Martucci et al., 
2002) where an inflammatory response is mounted against certain wheat antigens 
(mostly derived from gluten) in the intestinal mucosa.  Wheat allergy, in contrast, is 
a clinical condition with well-characterised symptoms and a well-established 
immune mechanism that primarily involves an IgE antibody response being 
mounted against wheat antigens (Ortolani and Pastorello, 2006).  Often people are 
confused between CD and irritable bowel syndrome (IBS), where similar symptoms 
include abdominal discomfort, bloating, diarrhoea, constipation, nausea, vomiting 
and fatigue, often making it hard to differentiate between the two diseases (Biagi 
and Corazza, 2002; Casella et al., 2010; Forbes and Hunter, 2007).  It is unclear at 
present as to whether symptoms associated with IBS can be directly attributed to 
specific toxic gluten peptides that trigger specific immune responses or due to 
FODMAPs, or both (Gibson and Shepherd, 2005).  
Polymorphic peptides in the soluble albumin and globulin fractions such as -
amylase inhibitors, serpins and lipid transfer proteins have been shown to be 
closely associated with baker’s asthma and wheat-dependent exercise-induced 
anaphylaxis (James et al., 1997; Larre et al., 2011; Palacin et al., 2007).  Although 
there has been much published literature on the gluten peptides (Rashtak et al., 
2011; Skovbjerg et al., 2004) and soluble proteins that play a role in wheat 
sensitivities and allergies (Akagawa et al., 2007; Mittag et al., 2004), there is a lack 
of research and knowledge about the antigenicity and immunoreactivities of 
proteins associated in different wheat proteomes.  Additionally, allergens in the 
soluble and gluten fractions have not been reported to link directly to a certain 
wheat variety or why spelt (T. spelta) can be consumed by some individuals without 
eliciting adverse reactions. 
Commonly, wheat breeders are focussed on developing varieties with high yield 
and quality such as protein yield, strong dough properties and disease resistance. 
Screening for varieties in relation to health-related traits such as immune reactivity 
has not been incorporated in the selection process.  In Chapter 3 of this thesis, a 
number of different protein separation techniques were used to generate a 
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database that clearly separated 196 wheat varieties into nine major groupings (Fig. 
3.16).  The utilisation of this type of information can help to incorporate these 
important quality traits into the selection process and to eventually breed new wheat 
varieties with little or no harmful proteins.   
One of the major objectives in this chapter is to examine the immune reactivity of 
different polymorphic proteins in different proteomes.  Part 1 assesses the IgE 
responses against wheat and milk in a randomly selected Australian population 
using the Phadia ImmunoCAP method.  At the same time, we planned to use this 
method to analyse the IgE responses in individuals who suffered from IBS and CD.  
With the controversies and complexities of the relationships between IgE and IgG4 
in food allergy (Okamoto et al., 2012; Savilahti et al., 2010; Yeoh and Sam, 2001), 
this section also set out to examine the relationship between IgE and IgG4 
responses using the Phadia ImmunoCAP; ratios of IgE/IgG4 were also determined.  
Additionally, a spelt antigen was used to compare the IgE and IgG4 immune-
responses to wheat. 
Part 2 explores the immune reactivity of polymorphic proteins in the three 
proteomes of different wheat varieties by ELISA.  This work was done in 
collaboration with Stephen Mackay (PhD student).  The presence or lack of 
differential reactivity can be determined by using serum samples from clinical 
patients of different categories (CD, IBS and wheat allergy patients).  CD is 
commonly assessed by a blood test for autoantibodies such as IgA, tTGA and IgA 
anti-endomysium antibodies and confirmed by biopsy, while wheat allergy is 
assessed by radioallergosorbent test (RAST) (Bousquet et al., 1990; Evans, 1982).  
Furthermore, immunoreactivities by immunoblotting were also investigated. 
Subsequently, Part 3 investigates the prevalence of wheat allergy in a randomly 
selected Australian population.  In the consumer market, there are many claims that 
people who are allergic to wheat can consume spelt-based products.  Although we 
often hear about this testimony, there is lack of scientific evidence for why spelt is 
more tolerable than conventional wheat.  A variety of spelt and conventional wheat 
were selected based on the proteome profile in Chapter 3 and used to compare the 
immune-reactivity in wheat and spelt. 
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5.2 MATERIALS AND METHODS 
5.2.1 Antigen Panel 
Pooled antigens (Table 1) of conventional wheat (Diamondbird, Kukri, Wyuna) 
and spelt (lines 19, 29 and 43) were selected from different clusters in Chapter 3 
(Fig 3.12-3.15) to use for the analysis of antigen reactivities in different wheat 
subproteomes. 
 
Table 5.1: Selection of conventional wheat and spelt varieties based on their 
soluble subproteome relational clustering patterns as antigen source for 
immunochemical analysis.   
Varieties Native Alb Native Glo Denatured Alb Denatured Glo  
Diamondbird Block 1 C3 Block 1 C4 Block 2 C3 Block 1 C2 
Kukri Block 1 C4 Block 1 C2 Block 2 C2 Block 1 C2 
Wyuna Block 1 C3 Block 1 C2 Block 2 C3 Block 1 C2 
Spelt 19 Block 1 C1 Block 2 C5 Block 3 C4 Block 2 C5 
Spelt 29 Block 1 C2 Block 2 C8 Block 1 C9 Block 2 C4 
Spelt 43 Block 1 C10 Block 3 C7 Block 1 C7 Block 3 C10 
Note: Alb (Albumin), Glo (Globulins) 
 
In order to differentiate reactivity of individual wheat varieties, antigens from 
conventional wheat Kukri, GWF spelt 1, GWF spelt 2 and Kamut were selected for 
the analysis of immunological reactivity of different categories of patients against 
different wheat subproteomes (Table 2).     
 
Table 5.2: Soluble protein antigens selected from different wheat varieties. 
Varieties Native Alb Native Glo Denatured Alb Denatured Glo  
Kukri Block 1 C4 Block 1 C2 Block 2 C2 Block 1 C2 
GWF Spelt 1 Block 1 C2 Block 2 C5 Block 3 C5 Block 3 C9 
GWF Spelt 2 Block 1 C2 Block 2 C5 Block 3 C5 Block 3 C9 
Kamut Block 2 C10 Block 1 C3 Block 2 C3 Block 1 C2 
 
Wheat (f4), milk (f2) and spelt (f124) antigens were commercially provided by 
Phadia (Sweden) for the use in the analysis of IgE and IgG4.  Conventional wheat 
(Kukri) and GWF Spelt 1 were used to prepare streptavidin-coupled antigens in the 
analysis for IgE by Phadia ImmunoCAP as well as IgG and IgG4 ELISA. 
5.2.2 Serum Panel 
A large set of blood samples from randomly selected individuals (n = 1145) was 
obtained from the Geelong Osteoporosis Study (GOS), Geelong, Victoria.  The 
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GOS age-stratified cohorts of men (n=1540 in 2001-2006) and women (n=1494 in 
1994-1997 and n=221 in 2006-2008) were randomly selected from the electoral 
rolls of the Barwon Statistical Division (Appendix 6).  In 2009-2010, participants 
were invited to participate in this sub-study (Pasco et al., 2012).  From a group of 
2075 potential participants, 1145 provided blood samples for the analyses of IgE 
against wheat (f4) and milk (f2) antigens.  All participants provided written consent 
and the study was approved by the Barwon Health Human Research Ethics 
Committee.  Food allergy questionnaires were provided by Barwon Health (Victoria, 
Australia) to the GOS participants and statistical analyses were conducted to 
establish relationships between individuals with clinical symptoms and immune 
responses. 
Additionally, three groups of clinical patients (Table 5.3) were obtained from 
different sources for the analysis of immunological reactivity against different wheat 
subproteomes.  Sera from 36 individuals with known IgE allergy class were 
provided by Dr. Karl Baumgart, Douglass Hanly Moir Pathology. Sera from 17 
individuals in the CD cohort were obtained from Dr. Bob Anderson, Walter and Eliza 
Hall Institute of Medical Research. Sera from 37 individuals (pre- and post-
challenged = 74) with IBS were obtained from Box Hill Hospital. 
Table 5.3: List of clinical patients selected from different categories for the analysis 
of immune reactivity against wheat antigens. 
Category No. Provider 
Geelong Osteoporosis Study 1145 Barwon Health 
Allergy Panel 36 Douglass Hanly Moir Pathology 
Celiac Disease 17 Walter and Eliza Hall Institute of Medical 
Research 
Irritable Bowel Syndrome 74 Box Hill Hospital 
 
5.2.3 Determination of Human IgE and IgG4 Levels using 
ImmunoCAP 100 
The human sera were analysed by the ImmunoCAP 100 instrument (Phadia, 
Sweden, refer to Appendix 7 SOP 1 and SOP 2 for operational procedures), where 
IgE from human sera were bound to the wheat (f4) and milk (f2) allergens that had 
been previously coated on the ImmunoCAPs.  Bound IgE were captured by the 
anti-IgE conjugate, the enzyme of which reacts with the fluorogenic substrate to 
form a fluorescent product (Johansson, 2004).  Reactivity was detected as 
response units and IgE concentration (kU/L) was calculated from the standard 
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curve.  Individuals with positive reactivity against wheat (f4) were selected and 
further analysed for IgE against spelt (f124) antigen. 
In order to compare the reaction of the above subset of 73 individuals (having 
raised IgE to wheat) against in-house prepared antigens from Australian wheat 
(Kukri) and spelt (GWF Spelt 1), a similar assay was developed by adapting the 
method of (Erwin et al., 2005).  The analysis of the Australian-derived antigens was 
optimised by coupling the soluble antigens with streptavidin beads and assaying 
using the Phadia ImmunoCAP 100 instrument.  Grains of wheat and spelt were 
extracted and protein concentrations were determined as described in Chapter 2.2 
and 2.3.  Purified antigens were biotinylated according to the Pierce EZ-Link® 
Biotinylation Kit (Thermo Fisher) as described in Appendix 7 SOP 3.  The 
biotinylated antigens were then added to the pre-washed streptavidin caps (o212) 
and analysed for IgE and IgG4 using the ImmunoCAP 100 (Phadia, Sweden). 
The selected wheat positive individuals were also analysed for IgG4 levels 
against Phadia wheat (f4) and spelt (f124) antigens. 
 
5.2.4 Determination of Human IgG and IgG4 by ELISA 
Soluble proteins, gliadins and glutenins were extracted as described in Chapter 
2.2 and protein concentrations were determined by the BCA (Chapter 2.3).  ELISA 
assays were conducted as described in Chapter 2.7.1.1 using a reaction volume of 
50 L for each step.  For the IgG ELISA assay, 0.5 g/mL antigens were coated 
onto the microtitre plate and captured by 1:100 dilution of human sera.  The human 
sera were then bound to 0.02 g/mL biotinylated goat anti-human IgG (Chemicon) 
and detected using 40 ng/mL streptavidin HRP (Calbiochem).  In the IgG4 ELISA 
assay, human sera were used at 1:25 dilution-fold, bound to 0.07 g/mL mouse 
anti-human IgG4 (Millipore) and detected using 0.2 g/mL anti-mouse HRP 
(Millipore).  Volumes and incubation conditions were similar to the IgG ELISA. 
 
5.2.5 Immunoglobulin Reactivity by Immunoblotting 
Soluble proteins were separated by SDS PAGE (Chapter 2.4.2) and 
immunoblotted onto a PVDF membrane (Chapter 2.7.2.2 and 2.7.2.4).  Membrane-
bound proteins from soluble proteins were incubated overnight with human sera at 
1:5 dilution and then probed with 0.1 g/mL biotinylated goat anti-human IgG.  The 
bound sites were detected with 0.5 g/mL streptavidin HRP and the IgG reactive 
bands were visualised with TMB membrane substrate. 
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For the IgG4 immunoblot, following incubation with human sera, the membrane 
was probed with 0.5 g/mL mouse anti-human IgG4 and detected using 0.5 g/mL 
anti-mouse HRP.   For the IgE immunoblot, after the incubation with human sera, 
the membrane was probed with 1 g/mL of biotinylated goat anti-human IgE 
(Caltag) and detected with 0.5 g/mL streptavidin HRP. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Establishment of Specific IgE and IgG4 Standard 
Curves 
Calibration curves were performed on a monthly basis using the Calibration Kit 
provided from Phadia.  IgE and IgG4 concentration were automatically calculated by 
the ImmunoCAP 100 instrument based on the established curve.  IgE calibrators 
ranging from 0-100 kU/L (0, 0.35, 0.7, 3.5, 17.5 and 100) and IgG4 calibrators 
ranging from 0-300 mg/L (0, 3, 15, 35, 120 and 300) were used. 
0
5000
10000
15000
20000
25000
0 50 100 150 200 250 300 350
R
e
sp
o
n
se
 (
R
U
)
Concentration (mg/L)
IgG4 Calibration Curve
y = 124.11x + 163.77
R² = 0.9994
0
1000
2000
3000
4000
5000
0 5 10 15 20 25 30 35 40
R
e
sp
o
n
se
 (
R
U
)
Concentration (mg/L)
IgG4 Calibration Curve
0
5000
10000
15000
20000
25000
0 20 40 60 80 100 120
R
e
sp
o
n
se
 (
R
U
)
Concentration (kU/L)
sIgE Calibration Curve
y = 480.51x + 11.798
R² = 0.9997
0
500
1000
1500
2000
0 0.5 1 1.5 2 2.5 3 3.5 4
R
e
sp
o
n
se
 (
R
U
)
Concentration (kU/L)
sIgE Calibration Curve
 
Figure 5.2: Specific IgE and IgG4 calibration curves obtained using the 
ImmunoCAP 100. 
 
5.3.2 Validation for Repeatability of the ImmunoCAP 100 
Instrument 
12 serum samples with known IgE profiles were selected for the validation of the 
ImmunoCAP 100 instrument (Table 5.4).   
 
Table 5.4: Selection of sera for the validation of repeatability analysis. 
No. Samples Wheat Milk 
1 + - 
4 + + 
1 - + 
6 - - 
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The sera were assayed against wheat (f4) and milk (f2) antigens in triplicate at 
different time-points over a 2-week period (Fig. 5.3).   The repeatability for assays 
against wheat and milk was 99.6% and 99.7% respectively. The results show that 
the ImmunoCAP 100 was highly precise and reproducible. 
 
 
Figure 5.3: Repeatability of ImmunoCAP assays against wheat (f4) and milk (f2) 
antigens. 
 
5.3.3 IgE Responses against Wheat (f4) and Milk (f2) in 
the GOS Cohort 
Adverse reactions to foods are perceived as a common problem and the 
incidence is rising (Allen and Koplin, 2012; Burks et al., 2012; Keet and Wood, 
2007).  Although there are numerous reports on the epidemiology of food allergy 
(Rona et al., 2007; Sicherer, 2011; Venter and Arshad, 2011), determination of the 
true prevalence of food allergy is challenging.  The prevalence of wheat allergy was 
found to be <1% by skin prick test and up to 3.6% by IgE sensitisation assessment 
(Zuidmeer et al., 2008).  Skin prick tests (Smith, 1992) and blood tests that 
measure specific antibodies to the antigen can scientifically validate and help to 
confirm true wheat allergy.  RAST (Witteman et al., 1996) is a rapid and more 
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accurate method to determine the IgE response against a certain antigen, while the 
skin prick test only determines the reaction of the skin against a substance. 
In order to investigate the IgE responses to wheat in the Australian population, a 
cohort of human sera from a randomly selected Australian population (Appendix 6) 
was used to assess the IgE sensitisation to wheat antigens (Appendix 8 section 1).  
The milk antigen was used as a RAST positive control as well as a negative control 
for wheat antigens.  Most clinical studies use 0.35 kU/L as the technical detection 
limit, but this is based on a paper disc method called Phadebas RAST that was 
used in 1977.  For the work reported in this thesis, the ImmunoCAP system used to 
test for IgE at the cut-off limit at 0.1 kU/L (Ronnevalt and Kober, 2011; Szeinbach et 
al., 2001; Wood et al., 2007). 
Using the IgE cut-off of 60 response units (RU), which is equivalent to 0.1 kU/L, 
14.1% (162 individuals) and 8.4% (96 individuals) of the population showed raised 
IgE antibody levels against wheat and milk, respectively (Table 5.5).  From the 
14.1% with raised IgE levels against wheat antigen, 2.6% (n = 30) were considered 
to be in wheat allergic class 1 (IgE: 0.35 - 0.70 kU/L), 2.3% (n = 27) in class 2 (IgE: 
0.71 - 3.50 kU/L) and 1.0% (n = 11) in class 3 (IgE: 3.51 - 17.50 kU/L).  The 
remaining 8.2% (n = 94) with IgE between 0.10 - 0.35 kU/L can be considered as 
low level and had the possibility of developing sensitisation to wheat later in life. 
 
Table 5.5: IgE responses against wheat (f4) and milk (f2) in the GOS cohort. 
Wheat (f4) Milk (f2) 
IgE > 0.1 kU/L (60 RU) n = 162 (14.1%) IgE > 0.1 kU/L (60 RU) n = 96 (8.4%) 
Allergic Class (kU/L) No. % Allergic Class (kU/L) No. % 
Class 0 (0.10 - 0.35) 94 8.2 Class 0 (0.10 - 0.35) 69 6.0 
Class 1 (0.35 - 0.70) 30 2.6 Class 1 (0.35 - 0.70) 10 0.9 
Class 2 (0.71 - 3.50) 27 2.3 Class 2 (0.71 - 3.50) 16 1.4 
Class 3 (3.50 - 17.50) 11 1.0 Class 3 (3.50 - 17.50) 1 0.1 
IgE < 0.1 kU/L (60 RU) n = 983 (85.9%) IgE < 0.1 kU/L (60 RU) n = 1049 (91.6%) 
 
For milk we found 0.9% (n = 10) were in class 1, 1.4% (n = 16) in class 2 (IgE: 
0.71 - 3.50 kU/L) and 0.1% (n = 1) in class 3; while 6.0% (n = 69) had IgE levels 
between 0.10 - 0.35 kU/L.  The prevalence of milk allergy based on serum IgE 
assessment ranges from 2% to 9% in European countries (Rona et al., 2007).  In 
Australia, based on the GOS cohort, we found that 2.4% of the randomly selected 
population were sensitised to milk (IgE cut-off 0.35 kU/L), while the remaining 6.0% 
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with raised IgE (> 0.10 kU/L) had the possibility of developing sensitisation later on 
in life. 
 
5.3.4 IgE Responses against Wheat (f4) and Milk (f2) in 
Clinical Patients 
Clinically treated patients were believed to belong to the non-IgE mediated group 
and mainly involved with the IgG/IgA and T-cell responses.  In order to investigate if 
clinical patients also expressed IgE responses, a total of 136 serum samples of 
clinically manifested individuals were assembled for the analysis of IgE responses 
against wheat (f4) and milk (f2).  The serum samples were categorised into IgE-
based and cell-mediated (Table 5.6) responses.  The IgE-based was catalogued 
based on RAST results against different food and environmental allergens.  The 
cell-mediated disorders were classified on the basis of clinical symptoms and 
constituted of CD and IBS individuals.  Negative control sera were donated by 
miscellaneous (MSC) individuals. 
 
Table 5.6: Serum sample cohorts for immunoreactivity analysis. 
 
IgE-Based Cell-Mediated
Food based allergy No. serum No. serum
Cheese 2 Celiac Disease 17
Milk 7 Irritable Bowel Syndrome
Oyster 5 Pre-challenged 37
Wheat 9 Post-challenged 37
Negative controls 3
Environmental based allergy
Dust Mite 6
General Inhalant Mix + 6
General Inhalant Mix - 7
 
 
Only the food and environmental IgE-based allergy have been previously 
determined by RAST (data was provided by Douglas Hanly Moir Pathology).  The 
CD and IBS serum samples have only been diagnosed by clinical symptoms but not 
by immunological responses such as IgE.  Still, there were some reported cases 
where individuals present with latent celiac disease have prior IgE-mediated 
response to cereals (Torres et al., 2008).  CD has been well documented as an 
autoimmune disorder (Green and Cellier, 2007); however, CD is not exclusive to T-
cell response.   
A total of 74 serum samples of IBS (pre- and post-challenged), CD and MSC 
individuals were analysed for IgE responses against two common allergens – wheat 
(f4) and milk (f2) using the ImmunoCAP 100 (Appendix 8 section 2).  The IgE 
responses are displayed in Figure 5.4.  Based on the cut-off limit of 60 RU, eight 
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pre-challenged IBS individuals (21.6%) had raised IgE against wheat antigens (two 
are class 1 and three are class 2 wheat allergic) and five individuals (13.5%) had 
raised IgE against milk antigen (Figure 5.4A).  In comparison to the post-challenged 
IBS individuals, nine (24.3%) and seven individuals (18.9%) had raised IgE against 
wheat (two in class 1 and three in class 2 wheat allergic) and milk antigens, 
respectively (Figure 5.4B).   
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Figure 5.4: IgE response against wheat (f4) and milk (f2) antigens in pre- and post-
challenged IBS individuals (A & B), miscellaneous individuals (C) and CD patients 
(D). 
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These individuals were randomly selected and challenged with either gluten or 
placebo.  Within this raised IgE sub-set, the individuals who were challenged with 
gluten (n = 4), three showed higher IgE responses against wheat, while one 
individual had similar IgE responses in both pre- and post-challenge.  The placebo-
challenged individuals (n = 5) showed more variable results – one individual 
showed a decrease in IgE response while two individuals had similar IgE responses 
in both pre-and post-challenge assays.  In contrast, two individuals who were 
challenged with placebo showed an increase in IgE response in the post-challenge 
assay.  This suggests that IBS has a different response mechanism(s) and may not 
be related to gluten challenge. 
The miscellaneous panel gave four individuals with raised IgE against wheat 
antigen where one was class 2 wheat allergic (Figure 5.4C) and two individuals with 
raised IgE against milk allergen (one in class 2 milk allergic).  Within the CD group, 
four individuals (23.5%) had raised IgE against wheat antigen, where one was 
wheat allergic class 2 and five individuals (29.4%) have raised IgE against milk 
antigen but have not been classified into any milk allergic classes (Figure 5.4D).  
This shows that people who were being diagnosed as CD also have IgE responses 
against wheat antigens. 
 
5.3.5 Comparison of IgE Responses between Wheat (f4) 
and Spelt (f124) 
There is anecdotal evidence from clinical practice claiming that a large 
percentage of people who are sensitive to wheat-based products seem to be more 
tolerant to spelt-based food products.  While the underlying mechanisms are still 
obscure, recently the first research paper with robust experimental and statistical 
results also demonstrated this important observation (Armentia et al., 2012). 
To investigate the possibility that proteins derived from spelt wheat are less 
allergenic than similar proteins derived from conventional wheats, a comparative 
study to investigate the immune-reactivity of human IgE against wheat and spelt 
antigens was carried out using the blood sera from the GOS participants who had 
previously been identified with raised IgE antibodies against wheat.  Since it would 
have been very expensive to analyse the whole cohort against spelt antigen, a 
subset of raised-IgE individuals (n = 73) with cut off IgE > 60 RU against wheat 
antigen (f4) were further analysed for IgE against spelt antigen (f124), with six 
individuals with IgE < 60 RU selected as negative controls (Appendix 8 section 3). 
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Each of the 73 sera in this selected group showed higher immune-response to 
wheat than the cut off value of 60 RU, while only 64 sera had IgE > 60 RU against 
spelt antigen (Figure 5.5).  Twelve individuals showed a significant decreased in 
IgE response against spelt (f124) antigens as compared to wheat (f4); of these, five 
individuals’ responses (7%) have moved below the cut-off RU 60.  The paired t-test 
showed that spelt was found to be less allergenic than wheat (p = 0.2850, t = 
1.077). 
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Figure 5.5: IgE response against wheat (f4) and spelt (f124) antigens.   
 
A general observation can be made that the IgE immune response against wheat 
appeared to be higher than against spelt.  Forty nine percent (n = 39) of the sera 
showed greater IgE response against wheat than spelt (Figure 5.6), where 39% (n 
= 31) of these sera had IgE > 60 RU against spelt.  In contrast, 29% (n = 23) of the 
sera were more responsive to spelt than wheat; and 22% (n = 17; where 6 are 
negative controls and 11 sera have IgE > 60 RU) had a similar response against 
both antigens. 
-1000 -500 0 500 1000
Difference in IgE Response Unit
IgE (Spelt > Wheat)
(n = 23)
Negative
Controls
Abs (IgEWheat – IgESpelt) < 10
(n = 17)
IgE (Wheat > Spelt)
(n = 39)
 
Figure 5.6: Differences in IgE response between wheat (f4) and spelt (f124). 
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5.3.6 IgG4 Responses against Wheat (f4) and Spelt (f124) 
in the GOS Cohort 
IgG4 titres have been used in some clinics as a diagnostic aid for diagnosis of 
food allergy.  It has been shown that the elevation of specific IgG4 and IgE were 
significantly associate with allergy (Yeoh and Sam, 2001).  Both IgE and IgG4 
induces type 1 and type 3 hypersensitivity respectively, furthermore, IgG4 was 
proposed to block the effect of IgE-mediated responses or cell triggering of 
mediators (Meiler et al., 2008).  This “blocking antibody” has the ability to compete 
for the same epitopes as IgE thus preventing IgE-dependent allergic responses and 
down-regulating IgE (Berin and Sampson, 2013).  The ratio of IgG4/IgE was shown 
to have a positive correlation or play an important role with the intensity of infection 
and allergy (Okamoto et al., 2012; Savilahti et al., 2010; Turner et al., 2005).  
However, on separate studies, no significant relationship was found between the 
IgG4/IgE ratios (Piacentini et al., 2011; Wang et al., 2010).  In order to shed more 
light on this controversy, the individuals (n = 79) with raised IgE against wheat in 
the GOS cohort and five MSC individuals (Appendix 8 section 3) were analysed for 
IgG4 against wheat (f4) and spelt (f124) using the Phadia ImunoCAP system 
(Figure 5.7). 
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Figure 5.7: IgG4 response against wheat (f4) and spelt (f124) antigens.  
 
The individuals from the selected group (n = 84) showed similar trends of IgG4 
responses between wheat (f4) and spelt (f124).  However, the response against 
spelt is slightly higher.  This fits in the hypothesis of the “blocking antibody” and the 
reciprocal properties of IgE/IgG4 switch.  As showed earlier in Fig. 5.5, the general 
trend of IgE immune responses are slightly higher in wheat (f124) as compared to 
spelt (f124). 
IgG4 responses greater than 300 RU (IgG4 > 1 mg/L) are considered to be 
positive for raised levels of IgG4.  From these results, there are four different 
combinations of responses can be seen (Table 5.7).  For the reciprocal ratios of 
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high IgE and low IgG4, there are 12 individuals found in wheat (f4) and 16 in spelt 
(f124).  And vice versa for low IgE and high IgG4, nine individuals can be seen in 
wheat (f4) and 16 in spelt (f124).  There are 63 individuals have high IgE and high 
IgG4 responses against wheat, while 50 can be seen in spelt (f124).  Only two 
individuals have low IgE and low IgG4 against spelt (f124). 
The use of IgG and IgG4 are not supported as reliable means of allergy testing 
(Siles and Hsieh, 2011), however, the results (75% in wheat and 60% in spelt) are 
in agreement with the hypothesis that increased levels of IgE and IgG4 played a 
major role in allergy (Yeoh and Sam, 2001).  In contrast, the results (25% in wheat 
and 38% in spelt) also supports the competitive epitopes theory (Berin and 
Sampson, 2013).  If both of these theories were true, then 89% are associated with 
wheat allergy while 79% to spelt. 
 
Table 5.7: Ratios of IgE and IgG4 responses in wheat (f4) and spelt (f124). 
 Wheat (f4) Spelt (f124) 
High IgE/Low IgG4 12 16 
Low IgE/High IgG4 9 16 
Low IgE/Low IgG4 - 2 
High IgE/High IgG4 63 50 
 
Although, our speculation coincides with the fact that IgG4 played an important 
role in wheat allergy and furthermore, the ratios of IgE/IgG4 shows some 
significance, no correlation was found between the IgE and IgG4 responses in 
wheat and spelt (Figure 5.8). 
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Figure 5.8: Correlation between IgE and IgG4 responses in wheat f4 (A) and spelt 
f124 (B). 
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5.3.7 IgG and IgG4 Responses in Clinical Patients 
Sections 5.3.7 and 5.3.8 represent a collaboration with another PhD student 
Stephen Mackay to simplify the task.  Data were collected from the same subjects 
and were shared as a benchmark comparison between the three subproteomes – 
soluble, gliadin and glutenin proteins. 
The IgG4 data from ImmunoCAP only provides reactivity against wheat soluble 
proteins.  The aim of this section is to evaluate the immune-reactivity of clinical 
patients against soluble proteins of different wheat varieties with further comparison 
against the gliadins and glutenins by ELISA. 
ELISAs have been utilised widely for the detection of immunological responses 
against allergens, ranging from IgE responses in baker’s asthma and food allergy 
(Larre et al., 2011; Palacin et al., 2007) to IgG reactivities in people who suffered 
from IBS (Zuo et al., 2007). 
The ELISA platforms have been established the optimised to determine the IgG 
and IgG4 responses of clinically diagnosed individuals against the soluble, gliadin 
and glutenin proteins. 
 
5.3.7.1 Establishment of Titration Optimisation for IgE, IgG and 
IgG4 ELISA 
ELISA was carried out as described in Chapter 2.7.1.  Purified human IgE 
(Immunology Consultant Laboratory, USA) standards [0-5000 ng/mL], purified 
human IgG (Sigma) standards [0-5000 ng/L and purified human IgG4 (Millipore, 
USA) standards [0-2000 ng/mL] were coated overnight and blocked with 1% 
gelatine (Bio-Rad).  Biotinylated-anti-human-IgE (Vector, USA) diluted at two-fold 
titrations [1:1000 – 1:8000] in PBS were probed and a layer of 5 g/mL streptavidin 
(Sigma) was added.  Another layer of 5 g/mL enzyme-labelled biotinylated-HRP 
(Vector, USA) was further probed. 
Biotinylated-goat-anti-human-IgG (Chemicon, Australia) diluted in PBS at a two-
fold titrations of 1:12,500 to 1:100,000 was probed against the purified human IgG 
and 5 g/mL enzyme-labelled secondary antibody conjugate streptavidin-HRP 
(Calbiochem, USA) was added. 
Mouse-anti-human-IgG4 (Millipore, USA) diluted in PBS at a two-fold titrations of 
1:500 to 1:16,000 was probed against purified human IgG4 and enzyme-labelled 
secondary antibody conjugate goat-anti-mouse-HRP (Chemicon, Australia) diluted 
1:5000 in PBS was added. 
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Reactivity was detected by TMB and the reaction was stopped with 2 M 
phosphoric acid.   The absorbance was read at 450 nm on ELISA plate reader 
(LabSystems iEMS Reader MF) using an Ascent software. 
Four curves were plotted on each graph for IgE, IgG and IgG4 (Figure 5.9).  At 
the dilution 1:1,000, the standard curve for IgE is optimised.  With IgG standard 
curve, the dilution factor of 1:25,000 for biotinylated-anti-human IgG provided best 
results.  The reactivity for IgG4 was too strong, the dilution factor for mouse-anti-
human IgG4 was increased to 20,000-fold.  The data from these curves were 
extrapolated to establish standard curves (Figure 5.10) and an equation was 
generated to calculate the ELISA reactivity into concentrations. 
Since IgE results have been determined by the ImmunoCAP system.  This 
section will only concentrate on the IgG and IgG4 ELISA results of clinical 
manifested individuals. 
 
Figure 5.9: Titration optimisations for biotinylated-anti-human IgE (A); biotinylated-
anti-human IgG (B); and mouse-anti-human IgG4 (C); expansion of the IgG4 narrow 
range (D).  
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Figure 5.10: Establishment of standard curves for human IgE (A), IgG (B) and IgG4 
(C).  
5.3.7.2 IgG Responses against Soluble, Gliadin and Glutenin 
Proteins in Clinical Patients by ELISA 
Antigens from conventional wheat and spelt (Table 5.1) were selected from 
different clusters in Chapter 3 for the analysis of immune reactivity in clinical patient 
(Table 5.3).  The spelt varieties were chosen based on the cluster distance from 
conventional wheat varieties.  These varieties were selected based on their 
disperse separation from each other on the basis of soluble protein polymorphisms.  
These varieties are more closely grouped together based on the gliadins and 
glutenins data (personal communications with Stephen Mackay).  Combinations of 
different groups of proteins (soluble, gliadins and glutenins), the spelt varieties were 
sorted in one cluster while the conventional wheat varieties were separated in 
another cluster (data not provided). 
Sera from 36 individuals previously classified into different allergy groups based 
on their RAST IgE reactivity were used in an ELISA assay to determine the IgG 
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reactivities against wheat antigens in the soluble, gliadin and glutenin proteins.  
Based on the IgG standard curves, the reactivity responses from the ELISA assays 
were calculated into IgG concentration (g/mL) and plotted against the soluble, 
gliadin and glutenin proteins. 
From the Allergy Panel, the IgG reactivity (in concentration) against the soluble 
wheat proteins are comparatively higher than the gliadin and glutenin proteins 
(Figure 5.11).  No distinguishable preferential responses between different allergic 
groups of individuals were observed, however, the pattern of reactivity is similar 
across three different groups of proteins.   
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Figure 5.11: IgG ELISA reactivities of the Allergy Panel against the Soluble, Gliadin 
and Glutenin wheat proteins of pooled conventional (■ Diamondbird, Kukri and 
Wyuna) and pooled spelt ( Spelt 19, 29 and 43) varieties. 
 
In general, these individuals can be seen to react more strongly against the 
pooled spelt than the pooled conventional wheat soluble proteins and gliadins, 
143 
 
while the reactivity patterns in the glutenins are more reactive against pooled 
conventional wheat.  However, no correlations can be found associated between 
any groups of these proteins and IgE (RAST values provided) and IgG responses.  
The reactivity responses of these groups of individuals who are allergic to different 
antigens have a very random IgG reactivity against wheat proteins.Sera from 20 CD 
individuals and three negative controls were analysed for IgG reactivities against 
wheat antigens in the soluble, gliadin and glutenin subproteomes (Figure 5.12).  In 
contrast to the Allergy Panel (Figure 5.11), the IgG reactivities against the soluble 
wheat proteins are lower than the reactivity against the gliadins and glutenins.  The 
IgG reactivity of the negative controls are almost negligible. 
The pattern of reactivity is similar across three different subproteomes, however, 
the intensity of the reactivity differs between individuals.  The CD individuals react 
more strongly against the pooled spelt glutenins but less reactive against the 
conventional glutenins as observed with the Allergy Panel individuals.  There are no 
correlations between the IgE and the IgG results against any groups of proteins. 
CD is triggered by an abnormal response of auto-antibodies, such as antibodies 
to tissue–transglutaminase, or antibodies against proline- and glutamine rich wheat 
gluten proteins or their barley and rye homologs (Green and Cellier, 2007).  
Patients suffering from CD produce a range of autoimmune responses to several 
alpha-gliadin, LMW glutenin and gamma-gliadin peptides in the consumed wheat 
products (Howdle, 2006).  As a result of this inflammation caused by gluten 
antigens, IgG, IgM and IgA antibodies were produced.  Hence, an increased in IgG 
responses against glutenin and gliadin was observed in this group of individuals 
(Fig. 5.12).  
Based on the pattern of reactivity between two different categories of individuals 
(Figures 5.11 and 5.12), CD individuals are more reactive to the gliadins and 
glutenins while the allergic individuals are more responsive against the soluble 
antigens was observed. 
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Figure 5.12: IgG ELISA reactivities of the CD Panel against the Soluble, Gliadin 
and Glutenin wheat proteins of pooled conventional (■ Diamondbird, Kukri and 
Wyuna) and pooled spelt ( Spelt 19, 29 and 43) varieties. 
 
Since pooled antigens cannot provide information on the contribution of which 
variety that is responsible for the reactivity, individual variety analysis is a necessity.  
In order to differentiate the reactivity, four different varieties Kukri, GWF spelt 1, 
GWF spelt 2 and Kamut (Table 5.2) were chosen for the analysis of immunological 
activity of different categories of patients against different groups of wheat proteins. 
The two spelt varieties selected are far apart based on the albumins profile; 
however, they fall into the same cluster based on the analysis of globulin proteins, 
gliadins and glutenins (personal communications with Stephen Mackay).  Kamut is 
a registered variety that is being used as substitution for people who have allergic 
reactions to wheat-based products. 
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The Allergy Panel showed no differential immune reactivity against the four 
wheat/spelt varieties across three different groups of proteins (data not shown). 
A selected group of miscellaneous (MSC) individuals – three wheat and one milk 
positive by RAST, one CD and three controls were used to analyse the IgG 
immune-reactivity against three groups of proteins on the selected varieties (Figure 
5.13). 
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Figure 5.13: IgG ELISA reactivities of the MSC Panel against the Soluble, Gliadin 
and Glutenin wheat proteins of Kukri, Spelt 1, Spelt 2 and Kamut. 
 
The reactivity patterns of gliadin and glutenin are very similar (except for MSC05 
and MSC07), however, individual responses against each variety is very different.  
There are no significant differences between the individuals against soluble 
proteins. 
The gliadin proteins of Spelt 1 and Kamut are more immunogenic, with 
considerable observation can be seen in positive individuals MSC05 and MSC07, 
suggesting Spelt 1 and Kamut shared similar antigenicity.  Individual MSC06 is also 
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allergic to wheat, however, does not have high IgG responses against any varieties.  
Kamut has been registered as less allergenic, the similar pattern observed in Spelt 
1 can depict that it may also contains a less allergenic epitope as Kamut. 
As a general trend, the Kukri and Spelt 2 are more immunogenic in the soluble 
proteins.  In contrast, no patterns can be recognised for the glutenins.  There are 
greater differences between individuals as well as between wheat varieties. 
When looking at the CD Panel, the IgG reactivity trends are similar across three 
different groups of proteins (Figure 5.14).  However, there are variations of 
reactivity between the four varieties.  An interesting observation can be seen in 
individuals CD01, CD13 and CD17 who are highly responsive to IgE test, showed 
negligence IgG responses (except CD13 against Spelt 1 glutenin proteins).  Despite 
that, other individuals who are RAST negatives showed different responses against 
each wheat varieties as well as different groups of proteins.  The background 
knowledge about the severity of the disease of these individuals is important for 
further understanding of the immune responses. 
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Figure 5.14: IgG ELISA reactivities of the CD Panel against the Soluble, Gliadin 
and Glutenin wheat proteins of pooled Kukri, Spelt 1, Spelt 2 and Kamut. 
147 
 
Although CD and IBS individuals shared similar clinical symptoms, it is often 
hard to differentiate between the two diseases.  IBS is an illness that interferes with 
the normal function of the large intestine (colon) and normally characterised by 
chronic abdominal pain and/or discomfort together with disturbed bowel habits 
(diarrhoea or constipation) in the absence of any detectable organic cause 
(Longstreth et al., 2006).  A person who has IBS does not mean he/she will have 
CD; however, a subset of IBS patients has been found to have mild/moderate CD 
(Longstreth et al., 2006).  These people cannot digest gluten or grains that contain 
gluten.  Another study have found that IBS patients have higher IgG antibodies than 
controls but no correlation of IgG against symptoms (Zuo et al., 2007). 
CD and IBS patients’ IgG responses are quite different (Lundin and Alaedini, 
2012).  The levels of reactivities of CD individuals are quite uniform across the three 
sub-proteomes of the four varieties; however, the patterns of reactivity for IBS are 
distinguished between soluble and gluten proteins (Figure 5.15).  The gliadin 
proteins of Spelt 1 and Kamut showed higher IgG responses than Kukri and Spelt 
2.  However, variations of individual responses required background knowledge of 
each individual. 
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Figure 5.15: IgG ELISA reactivities of the IBS against the Soluble, Gliadin and 
Glutenin wheat proteins of Kukri (A), Spelt 2 (B), Spelt 1 (C) and Kamut (D). 
 
5.3.7.3 IgG4 Responses against Soluble, Gliadin and Glutenin 
Proteins in IBS Individuals by ELISA 
It has been reported that IBS has significantly higher IgG4 titres to wheat as 
compared to controls (Zar et al., 2005). Using the antigens from Kukri and GWF 
Spelt 1, the IBS individuals are further subjected to the analysis of IgG4 by ELISA. 
There are no differences in IgG4 reactivity patterns between the two varieties 
across three groups of proteins in the IBS individuals (Figure 5.16).  Differences in 
IgG4 responsiveness can be seen amongst the IBS individuals.  For the eight 
individuals with IgE > 60 RU (Figure 5.4A), four different profiles were seen: IBS08, 
IBS32 and IBS35 are high in both IgE and IgG4; IBS18 and IBS31 are high in IgE 
but low in IgG4; IBS05 is at the lower end of IgE and high in IgG4; and IBS09 and 
IBS17 are low in both IgE and IgG4.  This data disagree with the hypothesis that 
there is an antibody switch between IgE and IgG4. 
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Figure 5.16: IgG4 ELISA reactivities of the IBS individuals against the Soluble, 
Gliadin and Glutenin wheat proteins of Kukri (A) and GWF spelt (B). 
 
An interesting observation can be seen in these eight individuals when they were 
subjected to gluten or placebo challenge.  For those who were challenged with 
gluten, an increased in IgE can be seen in all 5 individuals (Figure 5.17A) and a 
significant reduction in IgG4 in three individuals.  Two individuals with a lower level 
of raised IgE were seen with an increased in IgG4.  In comparison to the individuals 
who were placebo challenged, inconsistencies were seen across the three subjects 
(Figure 5.17B). 
For the IBS individuals with lower IgE response (< 60 RU) who were challenged 
with gluten, the increased or decreased in IgE levels was insignificant.  Changes in 
IgG4 levels can be seen in 11 individuals – eight individuals with decreased in IgG4 
levels, while three were increased (Appendix 9A).  Similarly to those challenged 
with placebo (IgE < 60 RU), insignificant changes in IgE levels were observed 
(Appendix 9B); six individuals were seen with increased levels of IgG4, four with 
decreased levels and four with no change in the IgG4 levels.  This suggests there is 
some involvement of the gluten to the immune responses in the IBS individuals, 
where decreased levels of IgG4 were seen in individuals who were challenged with 
gluten. 
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Figure 5.17: Comparison of IgE and IgG4 in IBS individuals (IgE > 60 RU) that have 
been randomly challenged with gluten (A) and placebo (B). 
 
5.3.8 IgG and IgG4 Responses in Clinical Patients by 
Immunoblotting 
Immunoblotting have been used widely for the analysis of IgE responses against 
wheat allergens (Akagawa et al., 2007; Larre et al., 2011).  Since ImmunoCAP and 
ELISA only detect the levels of reactivity, it cannot distinguish which protein the 
antibodies were actually bound to.  Immunoblotting was adopted to examine the 
immune reactivity of CD and IBS individuals. 
Banding patterns from IgG immunoblotting against soluble proteins were shown 
in Figure 5.18.  MSC02 (allergic to milk), MSC05 (allergic to wheat), MSC09 
(gluten-free CD) were used as negative controls against the CD individuals.  
Different IgG reactivity patterns can be seen between the CD and negative controls, 
however, reactivity patterns are similar across the four varieties.  Polymorphic 
bands were seen between the proteins with MW 26-64 kDa.  IgG levels have been 
used for diagnosis of CD (Rashtak et al., 2011) and high levels of IgG reactivities 
were seen in the gliadin and glutenin proteins (personal communications with 
Stephen Mackay).  However, the roles of IgG against soluble proteins are yet to 
know. 
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Figure 5.18: IgG reactivities of the MSC and CD individuals against the soluble 
wheat proteins of Kukri (A), GWF Spelt 2 (B), GWF Spelt 1 (C) and Kamut (D) by 
immunoblotting. 
 
No bands were detected in the CD and IBS individuals against soluble wheat 
proteins by IgE immunoblotting (data not shown). 
Ten individuals from the IBS group were chosen for the analysis of IgG4 reactivity 
by immunoblotting against the soluble, gliadin and glutenin proteins.  These 
individuals were chosen from four different categories – low IgE gluten challenged, 
low IgE placebo challenged, high IgE gluten challenged and high IgE placebo 
challenged.  Five individuals showed reactivity patterns against the soluble and 
gliadin proteins and three from these five showed reactivity against glutenin 
proteins (Figure 5.19).  The reactivity patterns were more similar between the 
soluble and gliadin proteins as compared to the glutenin proteins (except for one 
individual).  No IgG4 reactivities were found in pre-challenged serum (data not 
shown). 
IBS08 and IBS35 individuals (high IgE response, gluten challenged) reacted 
highly to proteins from the three subproteomes while IBS04 and IBS22 individuals 
(low IgE response, gluten challenged) showed no reactivity against the glutenin 
proteins (IBS04 has very low level of reactivity against soluble and gliadin proteins).  
Another three individuals (IBS18, IBS31 and IBS32) with high IgE response and 
were challenged with placebo, only IBS18 was shown to have some reactivity 
against the proteins from the three subproteomes. 
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Figure 5.19: Immunoblot IgG4 reactivities of post-challenged IBS inviduals against 
wheat soluble (A), gliadin (B) and glutenin (C) proteins in Kukri (1), GWF Spelt 2 
(2), GWF Spelt 1 (3) and Kamut (4). 
 
5.3.9 Prevalence of Wheat Sensitivity in a Randomly 
Selected Australian Population 
In order to relate the increased IgE immune-reactivity to allergen symptoms, a 
set of questionnaires (Supplementary Appendix 1) was established and sent to the 
blood donors; 974 individuals responded.  Based on the questionnaires for 
conditions associated with food types and the intensity ranging from none to strong 
severity, 15.3% (n = 149) reported symptoms caused by wheat consumption and 
11.7% (n = 114) experienced symptoms with milk (Figure 5.20A and B). 
Results from ImmunoCAP 100 IgE and questionnaires were superimposed to 
correlate the prevalence of raised IgE against wheat antigen and symptoms 
associated with consumption of wheat (Figure 5.20C).  From the 974 responses, 
15.3% (n = 149) had raised IgE > 0.10 kU/L, while 84.7% (n = 825) had IgE < 0.10 
kU/L.  From the 15.3% of raised IgE individuals, only 2.5% (n = 24) had reported 
symptoms, while 12.8% (n = 125) had no symptoms associated with consumption 
of wheat-based products.  On the other hand, 12.9% (n = 126) of the low IgE levels 
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(IgE < 0.10 kU/L) reported symptoms associated with ingestion of wheat, while 
71.8% (n = 699) had no reactions. 
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Figure 5.20: Reported symptoms associated with consumption of wheat (A) and 
milk (B).  Correlation between raised IgE against wheat antigen and symptoms 
associated with consumption of wheat (C).  Prevalence of wheat sensitivity in a 
randomly selected Australian population (D). 
 
This shows that in Australia, the prevalence of wheat sensitivity in a randomly 
selected population is 2.5% where both positive IgE immune response and 
symptoms against wheat were observed (Figure 5.20D).  These results are in full 
agreement with similar investigations on wheat where the prevalence of wheat IgE 
sensitisation in European countries is 2.9% (Zuidmeer et al., 2008) or in general, 
dealing with food allergy (Siles and Hsieh, 2011).  Specific IgE levels higher than 
the cut off value (0.10 kU/L or 60 RU) suggests sensitisation but are not 
synonymous with clinical symptoms.  These tests can confirm the diagnosis of an 
allergic disorder, supplementing a clinical history consistent with an allergic 
reaction. 
We postulate that the remaining 12.8% (n = 125) of individuals who showed 
raised IgE antibody levels without symptoms may have a latent wheat sensitivity 
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with the potential of developing symptoms in the future.  The large proportion 
(12.9%) of the investigated population who have symptoms associated with 
consumption of wheat products but did not demonstrate raised IgE may suffer from 
other wheat related disorders (i.e. not IgE mediated) such as CD, non-celiac 
reaction to gluten or reaction to fructans (FODMAPS) for those with IBS. 
 
5.3.10 Comparison of IgE and IgG4 Responses in 
Australian Wheat and Spelt Varieties 
Since the commercial wheat and spelt antigens originated from Europe, a variety 
of wheat and spelt from Australia was selected to examine the differences from an 
Australian consumer perspective.  The comparison between commercial antigens 
and coupled soluble proteins from the Australian wheat Kukri and GWF Spelt 1 
showed good correlations where r2 = 0.92 for wheat and r2=0.88 for spelt 
respectively (Figure 5.21), allowing conversion of the data derived using the 
coupled streptavidin antigens to those using commercial antigens.  
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Figure 5.21: Correlation of IgE responses between Phadia antigens and in-house 
Streptavidin antigens against wheat (A) and spelt (B). 
 
Using these relationships we have normalised the streptavidin coupled antigen 
data (GWF spelt 1) to compare with the commercial Phadia wheat (f4) antigens 
(clinical benchmark).  The IgE response against wheat (f4) was found to be 
significantly higher (95% of the sera; n = 75) than GWF Spelt 1, and only 41 of 
these individuals (55%) have IgE > 60 RU against GWF Spelt 1 (Figure 5.22).  Four 
individuals showed higher IgE response against the GWF Spelt 1 than wheat but 
they are at a much lower intensity as compared to the Phadia antigens.  This 
suggests GWF Spelt 1 elicits a significantly lower immune-response (62% of sera 
had IgE > 60 RU) as compared with the Phadia commercial spelt antigen (89% of 
sera had IgE > 60 RU).   
155 
 
In contrast to CD – where the toxic epitopes occur only in the prolamins (mostly 
in the gliadins but also in the HMW and LMW glutenin subunits), the epitopes 
responsible for allergenicity can be found both in the wheat prolamins and soluble 
proteins (Juhász et al., 2012).  Proteomic comparison of the four protein classes 
composition (soluble proteins - albumins and globulins, gliadins, HMW and LMW 
glutenin subunits) of wheat and closely related species (n = 196), showed no 
significant differences in the prolamin proteomes of wheat and spelt (personal 
communications with Stephen Mackay), while differences have been observed in 
the soluble protein composition (Figure 3.15). 
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IgE (GWF Spelt 1> Wheat)
(n = 4)
 
Figure 5.22: Differences in IgE response between wheat (f4) and GWF Spelt 1 in 
the selected group of individuals. 
 
The individuals (n = 79) with raised IgE against wheat in the GOS cohort were 
subjected for analysis of IgG4 against the Australian wheat Kukri and GWF Spelt 1 
varieties.  The comparison between commercial antigens and coupled soluble 
proteins from Kukri and GWF Spelt 1 showed good correlation (Figure 5.23) 
between the two assays for wheat (r2 = 0.81) and spelt (r2 = 0.78). 
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Figure 5.23: Correlation of IgG4 responses between Phadia antigens and in-house 
Streptavidin antigens against wheat (A) and spelt (B). 
 
Similar trends of IgG4 responses can be seen against both Kukri and GWF Spelt 
1 (Figure 5.24) and four groups of IgE/IgG4 were observed (Figure 5.25). 
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Figure 5.24: IgG4 response against Diamondbird and GWF Spelt 1 antigens.  
 
22 individuals have high IgE and low IgG4 responses against Kukri, while 27 
have high IgE and low IgG4 responses against GWF Spelt 1.  In contrast, eight and 
five individuals have low IgE and high IgG4 against Kukri and GWF Spelt 1 
respectively.  There are 30 individuals with high IgE and high IgG4 responses 
against Kukri and 33 against GWF Spelt 1.  19 showed low IgE and low IgG4 
responses against Kukri and 14 against GWF Spelt 1.  However, there are no 
correlations between IgE and IgG4 responses in Kukri and GWF Spelt 1 (Figure 
5.26).   
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Figure 5.25: IgE and IgG4 responses in GOS individuals against Kukri (■) and 
GWF Spelt 1 (). 
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Figure 5.26: Correlation between IgE and IgG4 responses in Kukri (A) and GWF 
Spelt 1 (B). 
 
Only three individuals classified as high IgE (> 60 RU) showed IgE reactivity 
against Kukri and GWF Spelt 1 soluble proteins by immunoblot (Figure 5.27).  Two 
individuals reacted against MW 34-56 kDa proteins while the third individual reacted 
to a higher group of proteins with MW 60-75 kDa.  The noticeable interest was seen 
at the two bands with MW 45-56 kDa between the Kukri and GWF Spelt 1.  Those 
bands were not detected by individuals 2 and 3 against GWF Spelt 1. 
In comparison, the majority of high IgG4 response individuals reacted to Kukri 
and GWF Spelt 1 soluble proteins.  Both groups of high IgG4 responsive individuals 
detect bands at the range of MW 24-34 kDa.  An exception was seen in one 
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individual (low IgE – high IgG4) who detected a broad range of proteins with MW 
24-72 kDa.  There are no significant differences between the IgG4 reactivities 
against Kukri and GWF Spelt 1 antigens in the group of individuals with high IgE – 
high IgG4 responses. 
Diverse IgG reactivity against Kukri and GWF Spelt 1 antigens were seen across 
the four groups of individuals.   Individuals with low IgG4 were highly reacted on IgG 
immunblots suggesting other subclass of IgG may have been responsible for the 
reactivity. 
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Figure 5.27: Immunoblots of IgE, IgG4 and IgG responses of GOS individuals 
against soluble protein extracts from Kukri (lane 1) and GWF Spelt 1 (lane 2). 
 
The GWF Spelt 1 can be seen separated from the other spelt varieties, indicating 
significant differences in the albumin and globulin protein composition when 
compared to the rest of the population (Figure 5.28).  Relationships between wheat 
species/varieties were displayed by 3-dimensional (3D) view on the x-, y- and z-
axes based on the calculation of principal component analysis of major contributed 
protein band(s).  This 3D model was generated from the established hierarchical 
clustering dendrogram (Figure 3.16) generated from a pairwise similarities cluster 
analysis UPGMA. 
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Figure 5.28: 3D display of relationships between wheat varieties and their related 
species based on principal component analysis of soluble proteins composition 
(BioNumerics, Applied Maths version 6, Belgium). 
 
Further analysis of Kukri and GWF Spelt 1 by 2-D SDS PAGE (as described in 
Chapter 2.4.5) revealed significant protein composition differences between the two 
varieties (Figure 5.29).  GWF Spelt 1 has lower protein expressions at the 
molecular size between 24-60 kDa.  These 3 regions are known for the major 
groups of soluble proteins AAI, -amylases and serpins.  These proteins have been 
found to be associated with wheat allergy (Akagawa et al., 2007; Armentia et al., 
1993) and WDEIA (Battais et al., 2003; Pastorello et al., 2007).  However, further 
work on IgE immunoblotting and MS of the each protein spot can then accurately 
confirm the identity of the protein responsible for allergic reactions. 
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Figure 5.29: 2-D SDS PAGE analysis of Kukri and GWF Spelt 1. 
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One of these differences has been identified by comparing the structure of genes 
coding the allergenic expansin proteins in different wheat and spelt germplasms.  
Expansin proteins can be found in wheat and other cereal genomes that played a 
role in the expansion of cell walls as tissue grows (Cosgrove, 2000).  The multi-
gene family of expansin proteins are divided into two groups -expansin and -
expansin proteins (Jin et al., 2006).  The -expansins proteins are of particular 
interest for their roles in group 1-pollen allergy.  The expansin from GWF Spelt 1 
has an insertion of three amino acids in the primary sequence (Figure 5.30) and 
subsequently altering the conformation of the entire protein (Breen et al., 2010).  
This alteration in the soluble protein composition could be one of the reasons for 
the significantly lower immuno-reactivity of GWF Spelt 1.  Nevertheless, this 
mutation in the -expansin seems to be a good marker to select lines with reduced 
immune reactivity.  A PCR-based procedure, based on the above mutation in the 
expansin gene have been developed (Suter and Békés, not published results) for 
screening any contamination of grain or flour by other cereal with the wild type 
expansin protein during possible use for quality assurance purposes. 
 
M  E  S  R  P           N  G  G K
Chinese Spring atgggagtcgcgacc---------gaatggcggtaag
GWF Spelt 1 atgggagtcgcgaccaatcgctgtcaatggtggcaag
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Figure 5.30: Protein model of wheat expansin showing mutation at the protein 
binding site (Breen et al., 2010). 
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5.4 CONCLUSION 
Food allergy, especially allergy caused by cereals is on the rising side all around 
the world including Australia.  This poses a great problem for the whole food chain 
including plant breeding, the food and catering industries.  The estimation of the 
prevalence of wheat sensitivity in Australia carried out in this study is beneficial for 
the realisation of the seriousness of the this problem, the related research shown in 
this chapter is an attempt to get a better understanding of the causing effects and 
collecting information needed to develop wheat-based food products with lower 
allergens/sensitivity. 
Considering the current population of Australia as 23 million people, the survey 
completed in this study, predicts that 15.4% of the population, approximately 2.95 
million individuals are or may be affected by ingestion of wheat-based food 
products.  This includes 575,000 (2.5%) who have an allergy to wheat while the 
remainder may have problems with other wheat related diseases (see above).  In 
addition, a further 2.9 million have slightly raised IgE, some of whom may develop 
allergy to wheat in later life.  This represents a major challenge for the Australian 
food industry in order to satisfy the dietary requirements of consumers both now 
and in the future. 
The benefits of substituting spelt for bread wheat in the diet of consumers who 
are wheat intolerant has been reported both by health professionals as well as 
consumers.  However, clear scientific evidence for this observed benefit was 
lacking.  The results from our study is in agreement with the recent publication 
(Armentia et al., 2012), demonstrates that spelt, in general but more importantly 
certain spelt varieties such the one used in this study (GWF Spelt 1), are 
significantly less immune-reactive when compared to bread wheat for those 
individuals with raised IgE reactivity to wheat.  This findings together with numerous 
nutritional benefits of spelts – such as their balanced micro element and fatty acid 
composition and most importantly their low FODMAP level (Gibson and Shepherd, 
2005), underlines the great potential of using spelt varieties in a larger extent in 
human consumption.  Because of the fact that nutritional and health-related benefits 
of most of the spelt lines do not paired with superior bread-making quality, it is a 
challenge in breeding to improve characteristics such as gluten strength, 
extensibility and water absorption.  Molecular techniques such as the PCR-based 
method can be used to screen for the mutant expansin allele – a marker for 
reduced allergenicity, can largely improve the efficiency of the selection process.   
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General Discussion 
Cereals are important for humans in terms of food (either direct consumption or 
after processing), feed for livestock (consumed after conversion into animal tissue) 
and as raw materials for industry.  Beside rice, wheat is one of the staple sources of 
nutrition for human consumption.  Australia is the fifth largest wheat producer in the 
world. Wheat growing contributes greatly to the Australian economy, both 
domestically and through export to other countries. 
The role of cereal science in relation to wheat grain quality in the last 100 years 
is progressively changing.  Wheat breeding traditionally involved trial-and-error 
crossing of two superior or desirable parental germplasms.  The progenies with 
desired traits in the target environments were then selected for further breeding.  
The need to select the right traits for yield and economic performance depends 
upon the genetic basis of the traits.  
Quality attributes of wheat-based foods are determined by the chemical 
composition of the flour – each compound of which contributes to certain dough 
characteristics.  While viscosity of the dough is predominantly determined by the 
starch, major classes of the endosperm proteins (gliadins and glutenins) are 
responsible for rheological properties of the dough.  In the past, ‘good’ or ‘superior’ 
quality was defined by the dough rheology and baking performance of the flour. 
This was greatly influenced by the composition of the gluten proteins (Shewry, 
2009).  Because of this, wheat breeding was generally focussed on the gliadins and 
glutenins while little attention is given on other factors such as starch or soluble 
proteins. 
In modern wheat breeding programs, the definition for breeding of ‘superior 
quality’ wheat involves not only its performance on the field (adaption to abiotic and 
biotic stresses, resistance to pests/diseases), but also the yield on grain maturation, 
protein content, dough quality during processing and end-product qualities.  These 
factors extend not only in the importance of gliadins and glutenins but involve other 
soluble proteins as well. 
Thirty years ago, the knowledge of soluble proteins (albumins and globulins) and 
their impact on plant defence mechanisms, nutritional as well as processing 
attributes to grains (Bushuk, 1998; Carrell et al., 1987; Fra-mon et al., 1984a; 
Marcone, 1999) was acknowledged (Pomeranz, 1988; Wrigley and Bietz, 1987), 
Chapter 6 
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while in the past decade or so, proteomics have been utilised widely for the study of 
proteins (Debiton et al., 2011; Gao et al., 2009) but on a much higher level.  While 
polyacrylamide gel electrophoresis is an excellent method in protein discrimination 
(Wrigley and Shepherd, 1974), 2D gels have provided a greater capacity in 
identification of proteins (Guo et al., 2012; Skylas, 2000) as well as the complex 
genetic controls of albumins and globulins (Singh and Skerrit, 2001). 
Albumins and globulins possess multiple functions during growth and 
development of wheat.  The majority of albumins and globulins are enzymes and 
inhibitors of enzymes that regulate developmental at different stages (Hejgaard, 
2005; Singh et al., 2001a; Singh et al., 2001b; Wrigley and Bietz, 1987).  The 
composition of essential amino acids in the albumins and globulins are well 
balanced and highly nutritional.  Albumins and globulins also influence the 
processing and rheological properties of wheat flour (Jimenez and Martinez-Anaya, 
2001). 
Another important quality attribute in Australian wheat breeding is grain 
hardness.  Grain hardness is an important determinant of the range of end 
products. Hard wheat are suited for the production of various breads, while soft 
wheat are preferred for the making of biscuits, pastries and cakes (Morris and 
Rose, 1996; Pomeranz and Williams, 1990). Traditionally, grain hardness was 
measured by particle size index (Symes, 1961), it was later found that the pin 
genes on the distal end of chromosome 5DS controls the grain hardness (Gale, 
2005; Giroux and Morris, 1998).   
In Australia, milling grade wheat are classified as Australian standard white, 
Australian prime hard, Australian soft and Australian premium white and must have 
a minimum falling number value above 300 seconds, which indicating low -
amylase activity .  Low falling number is generally associated with pre-harvest 
sprouting (PHS), late maturity -amylase (LMA), also known as pre-maturity -
amylase in the UK and retained pericarp -amylase (Mares and Mrva, 2008b).  In 
bread-making, amylases influence the dough properties (Lunn et al., 2001b). The 
amount of -maltose formed is important for yeast fermentation, which in turn 
affects dough development, flavour and loaf volume (Weise et al., 2005).  However, 
high levels of -amylases in the flour result in excessive liquification and 
dextrinisation, yielding bread with a wet and sticky crumb (Bloksma, 1971), hence 
weaken the bread structure leading to difficulties in slicing and short shelf-life 
(Dendy and Dobraszczyk, 2000). Under wet conditions, increased levels of -
amylase accumulate in mature grains (Hader et al., 2003). 
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There is some understanding that LMA causes low falling number; however, the 
impact on end product quality is not well known due to inconsistency in results.  The 
need to understand how often LMA expresses and to what degree the expression is 
important.  Limited program capacity and inconsistent results from LMA testing for 
classification has cost the industry and wheat breeding programs a lot of money 
and resources (Comben, 2012).  In addition, knowledge of LMA expressing lines, 
and what are acceptable LMA expressering lines can be used to help develop a 
cut-off during statistical analysis.  Future research is required for improved 
screening tools including molecular markers, and understanding the biochemical, 
genetic and molecular control mechanisms.   
Additionally, the concept of growing crops for health is slowly changing plant 
biotechnology and medicine.  The connection between plants and health is 
rediscovered for launching a new generation of therapeutics such as plant-derived 
pharmaceuticals, dietary supplements, functional foods and plant-produced 
recombinant proteins.  The impacts of growing healthy foods are not only adding 
value to agricultural but also complement conventional pharmaceuticals in the 
treatment, prevention and diagnosis of diseases (Raskin et al., 2002). 
Albumins and globulins with varietal polymorphism have been used as genome-
specific markers (Singh and Skerrit, 2001) for different wheat chromosomes 
identification.  With the increased prevalence of food allergy to wheat, albumins and 
globulins were known as the major allergens associate in patients with atopic 
dermatitis (Battais et al., 2005a; Mittag et al., 2004), baker’s asthma (Gomez et al., 
1990; James et al., 1997; Palosuo, 2003) and wheat-dependent exercise-induced 
anaphylaxis (Armentia et al., 1990).  About 40 different protein antigens have been 
found in wheat that cause sensitisation and allergic reactions in humans 
(Yunginger, 1991).  Proteomic analysis of wheat flour allergens revealed that 
serpins (Akagawa et al., 2007), trypsin/-amylase inhibitors and lipid transfer 
proteins (Pastorello et al., 2007) are either responsible or associated allergens in 
wheat allergic patients (Sander et al., 2001).  Furthermore, studies have shown 
wheat albumins can slow the digestion and absorption of starch containing foods by 
relaxing the action of digestive enzyme on starch in the body hence slowing the 
rapid rise in blood sugar levels after meals.  This factor is useful for the research to 
improve glycemic control for type 2 diabetes (Kodama et al., 2005).  However, there 
are some disadvantages include possible weight gain in patients who do not control 
appetite (Barclay, 2005). 
In the last decade or so, epidemiological evidence has documented on alarming 
increase of human sensitivity or adverse reactions to consumption of wheat and 
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food products derived from wheat flour.  A simple way to interpret wheat sensitivity 
is the adverse reaction occur in a subject following consumption of wheat.  A well 
known form of sensitivity to wheat is celiac disease (CD) (Kennedy and Feighery, 
2000) with the world prevalence of 1-2% (Cataldo et al., 2004; Meloni et al., 1999; 
Zauli et al., 2000).  At present, subclinical responses cannot be directly attributed to 
an immune response but have been associated with a range of symptoms such as 
bloating, diarrhoea, tiredness, migraine and itchiness.  This condition is often 
referred to generically as wheat intolerance (Ortolani and Pastorello, 2006) or IBS.  
In China, the prevalence of IBS is 4.7% (Dai, 2008). Though CD is a hereditable 
condition (Nehra et al., 2005), individuals who suffered from IBS can develop CD 
later in their lives (Casella et al., 2010). 
Wheat allergy on the other hand is a clinical condition with well-characterised 
symptoms and a proven immune mechanism that primarily involves an IgE antibody 
response being mounted against wheat antigens.  The awareness of IgE levels in 
health and disease (Evans, 1982; Witteman et al., 1996) was established by 
Johansson in 1967.  Initially, IgE levels were measured by immunodiffusion and the 
results were expressed in nanograms/mL (Johansson, 1967).  In 1971, it was 
suggested that values be expressed in units/mL (U/ml) and a reference standard 
was prepared by World Health Organization (Rowe, 1971).  The IgE levels of a 
normal individual fall within the range 2.5-100 U/mL with the mean value of 48.6 
U/mL (de Azavedo et al., 1978).  The rate of decrease in foods specific IgE levels 
over time was predictive for the likelihood of developing tolerance (Wang and 
Sicherer, 2005).  Total and specific serum IgE was significantly decreased as a 
function of age (Mediaty and Neuber, 2005).  The prevalence of allergy is generally 
self-reported.  In Australia, the prevalence of children who are hypersensitive to 
wheat by skin prick test is 0.15% (Hill et al., 1997); 0.77% of self-reported to wheat 
allergy in Canada (Soller et al., 2010) and 2.9% in European countries (Zuidmeer et 
al., 2008). 
Wheat breeders generally focused on the agronomic and quality attributes in 
selection of varieties and have not paid particular attention to the desirability or 
otherwise of germplasm selection for health attributes. Despite the limited 
information between polymorphisms and health attributes, the awareness between 
food consumption and diseases has increased in the past decade or so.  Gluten-
free diet is a standard therapy for patients with CD (Ciclitira et al., 2005a; 
Hernandez et al., 1998) and low GI food products have been introduced into the 
food industry to cater for the needs of diabetes.  In recent times, “healthy” foods 
such as breads made from spelt, rye or by sourdough methods (Bonafaccia et al., 
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2000; Ciclitira et al., 2005a; Kohajdová and Karovičová, β008) have become more 
popular.  The demand for the spelt-based products especially in Europe, America 
and Canada has increased the need for more research on spelt in comparison to 
wheat.  Spelt bread have similar GI to white bread (Marques et al., 2007) but does 
not a significant advantage on baking and nutritional values than common wheat 
(Ranhotra et al., 1995).  Variability of total spelt fibre is higher than wheat 
genotypes (Escarnot et al., 2010).  Though it has been claimed of the lower 
sensitivity, there have been cases where people can still be sensitised to allergens 
in spelt flours (Pastorello et al., 2001).  Spelt contains gluten (Ranhotra et al., 1995, 
1996), so people who suffer from gluten intolerance or CD should avoid consuming 
spelt-based products. 
There are cases where the measurements of specific IgG and/or IgG4 antibodies 
were used in clinical studies of different allergic diseases such as asthma, rhinitis, 
urticaria, eczema and gastrointestinal disorders.  Human IgG constitutes ~75% of 
total serum immunoglobulin and consists of four subclasses IgG1 (70%), IgG2 
(20%), IgG3 (7%) and IgG4 (3%) (Benjamin and Leskowilz, 1988; Goodman, 1987). 
Disease presence may cause changes in total IgG levels as well as subclass 
distribution.  The measurements of specific IgG and/or IgG4 antibodies is used in 
clinical diagnosis (Kamisawa and Okamoto, 2008; Lai et al., 2013; Pezzilli and 
Corinaldesi, 2004) and studies for allergies and intolerances (Garcia et al., 1990; 
Homburger et al., 1986; Matsui et al., 2005; Tomee et al., 1996).  In some studies, 
antigen specific IgG4 antibodies were measured in patients with food allergy or 
intolerance (Garcia et al., 1990).  It is generally believed that specific IgG and IgG4 
antibodies are biomarkers of antigen exposure (Homburger et al., 1986; Tomee et 
al., 1996).  Allergen specific IgG4 antibodies may also have a role in immune 
deviation and development of tolerance (Matsui et al., 2005).  IgG4 also serves as 
an important marker of immunological response in patients undergoing specific 
immunotherapy (SIT). A significant increase in IgG4 antibody levels indicates a 
good immunological response to SIT treatment (Lai et al., 2013).  No change in 
IgG4 antibody levels indicates a low probability of success and that treatment 
changes should be considered.  IBS patients have significantly higher IgG4 titres to 
wheat as compared to controls; however, no correlation was seen between pattern 
of elevated IgG4 antibodies titres and patient symptoms (Zar et al., 2005). 
With the understanding of all the important requirements for developing a wheat 
variety to not only perform well in the field (adapting to the climate/environment and 
resistance to diseases) but also gaining high protein yield, superior and suitable 
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end-product qualities as well as fulfilling the customer demands on the health 
aspects. 
By utilising techniques that are sufficiently high-throughput and relatively 
inexpensive with reproducible data, information of the soluble wheat proteins can 
be collected from a large number of germplasm sources to develop a soluble 
protein database.  The use of different solvents and buffers can extract, solubilise 
and yield different cereal proteins (Chinnasamy and Rampitsch, 2006; Oda and 
Schofield, 1997; Redman, 1973).  Based on the Osborne methodology, wheat grain 
proteins were sequentially extracted first by water then by low concentration of salt.  
The soluble proteins were separated by 1-dimensional under native and denaturing 
conditions. The number of protein bands from the albumin and globulin 
subproteomes analysed by both native and SDS PAGE were assembled and 
documented as presence (1) or absence (0) and relationships between wheat and 
wheat-related species were established using the UPGMA algorithm. 
Chapter 3 established a soluble protein database to provide some answers to 
the relationships between wheat and spelt varieties based on the protein 
composition in the soluble subproteomes.  This study establishes that the database 
of soluble proteins can be an important reference source for both basic and applied 
research, such as probing relationships and possibly gene contributions from 
parental donor genes, or relating different quality attributes to certain soluble 
proteins, respectively.  The separation of varieties into distinct blocks (Figure 3.16) 
along ploidy lines clearly demonstrates a close relationship between banding 
patterns and their respective A-, B- and D-genomes and differentiate among 
cultivars reasonably well (Table 3.3.).  These differences observed among samples 
in the database established the potential that the database can be applied in 
specific areas of wheat research. 
Another example of utilising these types of methodologies can be seen in 
Chapter 4 where relationships between wheat varieties can be unravelled by 
amylase polymorphisms based on native PAGE separation followed by zymogram 
staining.  Amylase polymorphisms in the wheat soluble subproteome are useful for 
interrogation for genetic linkage between phenotypic marker and genotypic marker.  
From the clustering and statistical analysis -amylases were found to be an 
important contributor in the grouping of wheat clusters as well as separating soft 
and hard wheat varieties (Figure 4.21). 
With the increased evidence and published data on soluble protein allergens and 
their direct relation to allergic patients as well as toxic peptides that affecting the 
celiac. The need to understand the immune-reactivity against wheat proteins and 
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the prevalence of wheat allergy in Australia can help wheat breeders and food 
industries to grow/produce wheat varieties that contain less toxic peptides or 
reduced allergens to improve the quality of life for consumers.  ImmunoCAP has 
been used widely for the measurement of IgE in human serum (Bousquet et al., 
1990). The clinical cut-off value to determine of an allergy is 0.35 kU/L.  The 
positive predictive value has been established independently for each group 
(Garcia-Ara et al., 2001; Pourpak et al., 2007; Sampson and Ho, 1997).  The 
concentration value from ImmunoCAP is the resultant of the standard curve based 
on the response unit measured.  In saying that, the response unit is a more 
accurate measurement of the IgE responses.  Using the 60 RU cut-off value, the 
coverage of IgE responsive participants has expanded.  This for the first time, 
established the true prevalence of wheat allergy (2.5%) in a randomly selected 
Australian population by both symptomatic and IgE immune responses.  At the 
same time, we have estimated the individuals with potential of developing 
symptoms later in life (12.8%) and have identified the percentage of individuals who 
have symptoms associated with consumption of wheat products (12.9%) but did not 
demonstrate raised IgE.  This group of individuals may suffer from other wheat 
related disorders such as CD, IBS or wheat intolerance.  This is significant for the 
food industry especially for the wheat industry where the need to cater for 15.3% of 
the Australian population who are wheat allergic or wheat intolerant and up to the 
maximum of 28% when including the potential group of individuals who may 
develop symptoms later on. 
Spelt was suggested to be less allergenic than wheat and can be consumed by 
people who have some form of reaction when consuming wheat-based products. 
Proteins from the globulin subproteome have been reported as an allergen or 
health-related proteins in many plant species with allergic responses (Benito et al., 
2007; Beyer et al., 2002; Palomares et al., 2005; Sirvent et al., 2012) as well as in 
wheat (Koziol et al., 2012; Loit et al., 2009).  It was clearly shown that spelt proteins 
are very different to wheat proteins in the globulin subproteome (Table 3.3).  In our 
study GWF spelt was found to show significantly less immune-reactive than wheat 
and other spelts.  One of these differences has been identified by comparing the 
structure of genes coding the allergenic expansin proteins in different wheat and 
spelt germplasms.  The expansin from GWF spelt has an insertion of three amino 
acids in the primary sequence and subsequently altering the conformation of the 
entire protein (Breen et al, 2010).  This alteration in the soluble protein composition 
could be one of the reasons for the significantly lower immune-reactivity of GWF 
spelt.  Nevertheless, this mutation in the b-expansin seems to be a good marker to 
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select lines with reduced immune reactivity.  A PCR based procedure, based on the 
above mutation in the expansin gene have been developed (Suter and Békés, 
unpublished results) for screening any contamination of grain or flour by other 
cereal with the wild type expansin protein during possible use for quality assurance 
purposes. 
Based on the IgE results when comparing wheat (f1) and spelt (f124) antigens 
(Figure 5.5), 49% of individuals showed a higher IgE response against wheat than 
spelt, while 22% had insignificant changes in the immune response against both 
antigens.  When looking at the IgE blot (Figure 5.27), the results are not conclusive, 
because the pattern(s) for one wheat antigen and one spelt antigen are different 
from patient to patient.  Some minor differences can be seen present in Kukri and 
an absence in GWF Spelt 1.  Further analysis of Kukri and GWF Spelt 1 by 2D SDS 
PAGE (Figure 5.29) revealed significant protein composition differences between 
the two varieties.  GWF Spelt 1 has lower protein expression at the molecular size 
between 24-60 kDa.  These three regions are known for the major groups of soluble 
proteins AAI, -amylases and serpins.  These proteins have been found to be 
associated with wheat allergy (Akagawa et al., 2007; Armentia et al., 1993) and 
WDEIA (Battais et al., 2003; Pastorello et al., 2007).  However, further work on IgE 
immunoblotting and MS of each protein spot can then accurately confirm the 
identity of the protein responsible for allergic reactions. 
While these findings do provide some evidence to support the health benefits of 
this spelt line, only a clinical trial comparing the allergic symptoms and IgE levels 
caused by the consumption of wheat and GWF spelt products, involving both those 
that eat predominantly wheat and those who have replaced wheat with spelt in their 
diet, can answer the question as to whether our findings are associated with the 
apparent lower allergenicity of spelt for those with wheat allergy. 
Different methodologies utilised to produce a soluble protein database together 
with the applications demonstrated in this thesis have enabled a part of the 
integrated data of the whole information on soluble proteins for breeders as well as 
consumers to be provided.  This soluble protein database is useful for applications 
in looking for relationships between wheat varieties or genome contributors and will 
be useful in practical applications such as quality protein attributes. 
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Applications of Wheat Proteomics 
Approach Applications Examples for applications in 
wheat based food proteomics 
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aleurone) 
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* Dough properties 
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(Amiour et al., 2003; Branlard et al., 2003; Lesage et al., 2012) 
(Dworschak et al., 1998; Ghirardo et al., 2005; Liu et al., 2010; 
Liu et al., 2009; Muccilli et al., 2005) 
(Hurkman et al., 2008; Tetlow et al., 2008) 
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2003) 
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(Altenbach et al., 2011) 
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(Finnie et al., 2004; Hashiguchi et al., 2010; Horváth-Szanics 
et al., 2006; Hurkman et al., 2009; Laino et al., 2010; Majoul et 
al., 2004; Miernyk and Hajduch, 2011; Neilson et al., 2010; 
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Structural 
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2002; Herrero et al., 2011) 
Post-translational 
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List of Wheat Varieties 
List of Triticum and related species obtained from the Australian Winter Cereals Collection 
(NSW DPI, Tamworth), Plant Breeding Institute (The University of Sydney), University of 
Adelaide, Tamworth and Wagga Wagga Agricultural Institutes (NSW DPI) and George 
Weston Foods. 
 
ID No. Species Name Genome Origin 
 
001 T. monococcum   13141 AA Spain 
002 T. monococcum   Laetissimum 2661  AA Ethiopia 
003 T. monococcum   Flavescens  AA Greece 
004 T. monococcum   C64-237  AA Australia 
005 T. monococcum   PI 355516  AA Unknown 
006 T. monococcum boeticum T. boeticum Israel AA Israel 
007 T. monococcum boeticum Asia Expedition AA Turkey 
008 T. monococcum boeticum T. boeticum O33 AA Unknown 
009 T. monococcum boeticum 9266A-2788A*2  AA Canada 
010 T. urartu G180 AA Turkey 
011 T. urartu G3246  AA Lebanon 
012 T. urartu G1787  AA Turkey 
013 A. speltoides A. speltoides Syria BB Syria 
014 A. speltoides A. speltoides Iraq BB Iraq 
015 A. speltoides A. speltoides Turkey BB Turkey 
016 A. speltoides A. speltoides Australia BB Australia 
017 T. searsii T. searsii Russia BB Russia 
018 T. tauschii A. squarrosa Russia DD Russia 
019 T. tauschii A. squarrosa France DD France 
020 T .tauschii A. squarrosa Australia DD Australia 
021 T. tauschii A. squarrosa Japan DD Japan 
022 T. tauschii A. squarrosa USSR DD USSR 
023 T. tauschii A. squarrosa Belgium DD Belgium 
024 S. cereale White Rye 13 RR Australia 
025 T. turgidum durum Beladi 141 AABB Egypt 
026 T. turgidum durum Blanco Tarimbaro  AABB Mexico 
027 T. turgidum durum Cailoux  AABB France 
028 T. turgidum durum Dural AABB Australia 
029 T. turgidum durum Malvi AABB India 
030 T. turgidum durum Mahmoudi AABB Morocco 
031 T. turgidum durum Francesone  AABB Italy 
032 T. turgidum durum 9266A-2788A*2  AABB Canada 
033 T. turgidum durum Kunduru 1149 AABB Turkey 
034 T. turgidum durum Sorentino AABB Italy 
035 T. turgidum dicoccoides Kushnirs Collection No. 18 AABB Israel 
036 T. turgidum dicoccoides G363-4-4BM AABB Netherlands 
037 T. turgidum dicoccoides Kushnirs Collection No. 109 AABB Unknown 
038 T. turgidum dicoccoides Kushnirs Collection   AABB Unknown 
039 T. timopheevi araraticum Georgia W94760  AAGG Unknown 
040 T. timopheevi araraticum Triticum timopheevi AAGG Unknown 
041 T. timopheevi araraticum T. timopheevi var typicum AAGG Sudan 
042 T. timopheevi araraticum D357.1  AAGG Unknown 
043 T. timopheevi araraticum T. timoppheevi timopheevi AAGG Sudan 
044 T. turgidum durum Bellaroi AABB Australia 
045 T. turgidum durum Janderoi AABB Australia 
	
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046 T. turgidum durum Kalkar AABB Australia 
047 T. turgidum durum Kamillaroi AABB Australia 
048 T. turgidum durum Tamaroi AABB Australia 
049 T. turgidum durum Wollaroi AABB Australia 
050 T. turgidum durum Yallaroi AABB Australia 
051 T. turgidum turanicum Kamut AABB Egypt 
052 T. aestivum Triller AABBDD Australia 
053 T. aestivum H45 AABBDD Australia 
054 T. aestivum Dollarbird AABBDD Australia 
055 T. aestivum Bowie AABBDD Australia 
056 T. aestivum Rosella AABBDD Australia 
057 T. aestivum Datatine AABBDD Australia 
058 T. aestivum Cadoux AABBDD Australia 
059 T. aestivum Kukri AABBDD Australia 
060 T. aestivum Janz AABBDD Australia 
061 T. aestivum Tammin AABBDD Australia 
062 T. aestivum Excalibur AABBDD Australia 
063 T. aestivum Blade AABBDD Australia 
064 T. aestivum Wyuna AABBDD Australia 
065 T. aestivum Yanac AABBDD Australia 
066 T. aestivum Frame AABBDD Australia 
067 T. aestivum Diamondbird AABBDD Australia 
068 T. aestivum Camm AABBDD Australia 
069 T. aestivum Sunvale AABBDD Australia 
070 T. aestivum Trident AABBDD Australia 
071 T. aestivum K28224 AABBDD Unknown 
072 T. aestivum IW 562 AABBDD Australia 
073 T. aestivum AGT Young AABBDD Australia 
074 T. aestivum Carinya AABBDD Australia 
075 T. aestivum Correll AABBDD Australia 
076 T. aestivum Sunzell AABBDD Australia 
077 T. aestivum Bullaring AABBDD Australia 
078 T. aestivum Yenda AABBDD Australia 
079 T. aestivum Barham AABBDD Australia 
080 T. aestivum Bolac AABBDD Australia 
081 T. aestivum EGA Hume AABBDD Australia 
082 T. aestivum Banks AABBDD Australia 
083 T. aestivum Ventura AABBDD Australia 
084 T. aestivum Sunlin AABBDD Australia 
085 T. aestivum Sunbri AABBDD Australia 
086 T. aestivum Lang AABBDD Australia 
087 T. aestivum QAL-Bis AABBDD Australia 
088 T. aestivum Thornbill AABBDD Australia 
089 T. aestivum QAL-2000 AABBDD Australia 
090 T. aestivum Sunmist AABBDD Australia 
091 T. aestivum Meering AABBDD Australia 
092 T. aestivum VK306 AABBDD Australia 
093 T. aestivum SM1028 AABBDD Australia 
094 T. aestivum OA1983 AABBDD Australia 
095 T. aestivum Glenlea AABBDD Australia 
096 T. aestivum Westonia AABBDD Australia 
097 T. aestivum Kewell AABBDD Australia 
098 T. aestivum Vulcan AABBDD Australia 
099 T. aestivum Spica AABBDD Australia 
100 T. aestivum Kennedy AABBDD Australia 
101 T. aestivum Sunco AABBDD Australia 
102 T. aestivum Tincurrin AABBDD Australia 
103 T. aestivum compactum Clubhead AABBDD USA 
104 T. aestivum compactum Gluclub AABBDD Australia 
105 T. aestivum compactum Big Club 60 AABBDD USA 
106 T. aestivum compactum Kenya Club AABBDD Kenya 
107 T. aestivum macha Palaeoimereticum AABBDD Unknown 
108 T. aestivum macha Flamingo AABBDD Germany 
109 T. aestivum macha T. macha O33 AABBDD Unknown 
110 T. vavilovii T. vavilovum AABBDD Unknown 
111 T. vavilovii Gandum Cividaq AABBDD Afghanistan 
112 T. vavilovii Triticum vavilovii "53" AABBDD Unknown 
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113 T. vavilovii Triticum vavilovii "54" AABBDD Unknown 
114 T. spelta YAI  spelt 2006 line 1 AABBDD Australia 
115 T. spelta YAI  spelt 2006 line 2 AABBDD Australia 
116 T. spelta YAI  spelt 2006 line 3 AABBDD Australia 
117 T. spelta YAI  spelt 2006 line 4 AABBDD Australia 
118 T. spelta YAI  spelt 2006 line 5 AABBDD Australia 
119 T. spelta YAI  spelt 2006 line 6 AABBDD Australia 
120 T. spelta YAI  spelt 2006 line 7 AABBDD Australia 
121 T. spelta YAI  spelt 2006 line 8 AABBDD Australia 
122 T. spelta YAI  spelt 2006 line 9a AABBDD Australia 
123 T. spelta YAI  spelt 2006 line 10 AABBDD Australia 
124 T. spelta YAI  spelt 2006 line 10a AABBDD Australia 
125 T. spelta YAI  spelt 2006 line 11 AABBDD Australia 
126 T. spelta YAI  spelt 2006 line 12 AABBDD Australia 
127 T. spelta YAI  spelt 2006 line 13 AABBDD Australia 
128 T. spelta YAI  spelt 2006 line 14 AABBDD Australia 
129 T. spelta YAI  spelt 2006 line 15 AABBDD Australia 
130 T. spelta YAI  spelt 2006 line 16 AABBDD Australia 
131 T. spelta YAI  spelt 2006 line 17 AABBDD Australia 
132 T. spelta YAI  spelt 2006 line 18 AABBDD Australia 
133 T. spelta YAI  spelt 2006 line 19 AABBDD Australia 
134 T. spelta YAI  spelt 2006 line 20 AABBDD Australia 
135 T. spelta YAI  spelt 2006 line 21 AABBDD Australia 
136 T. spelta YAI  spelt 2006 line 22 AABBDD Australia 
137 T. spelta YAI  spelt 2006 line 23 AABBDD Australia 
138 T. spelta YAI  spelt 2006 line 24 AABBDD Australia 
139 T. spelta YAI  spelt 2006 line 25 AABBDD Australia 
140 T. spelta YAI  spelt 2006 line 26 AABBDD Australia 
141 T. spelta YAI  spelt 2006 line 27 AABBDD Australia 
142 T. spelta YAI  spelt 2006 line 28 AABBDD Australia 
143 T. spelta YAI  spelt 2006 line 29 AABBDD Australia 
144 T. spelta YAI  spelt 2006 line 30 AABBDD Australia 
145 T. spelta YAI  spelt 2006 line 31 AABBDD Australia 
146 T. spelta YAI  spelt 2006 line 32 AABBDD Australia 
147 T. spelta YAI  spelt 2006 line 32a AABBDD Australia 
148 T. spelta YAI  spelt 2006 line 33 AABBDD Australia 
149 T. spelta YAI  spelt 2006 line 34 AABBDD Australia 
150 T. spelta YAI  spelt 2006 line 35 AABBDD Australia 
151 T. spelta YAI  spelt 2006 line 36 AABBDD Australia 
152 T. spelta YAI  spelt 2006 line 37 AABBDD Australia 
153 T. spelta YAI  spelt 2006 line 38 AABBDD Australia 
154 T. spelta YAI  spelt 2006 line 39 AABBDD Australia 
155 T. spelta YAI  spelt 2006 line 40 AABBDD Australia 
156 T. spelta YAI  spelt 2006 line 41 AABBDD Australia 
157 T. spelta YAI  spelt 2006 line 42 AABBDD Australia 
158 T. spelta YAI  spelt 2006 line 43 AABBDD Australia 
159 T. spelta YAI  spelt 2006 line 71 AABBDD Australia 
160 T. spelta YAI  spelt 2006 line 72 AABBDD Australia 
161 T. spelta YAI  spelt 2006 line 73 AABBDD Australia 
162 T. spelta YAI  spelt 2006 line 74 AABBDD Australia 
163 T. spelta YAI  spelt 2006 line 75 AABBDD Australia 
164 T. spelta YAI  spelt 2006 line 76 AABBDD Australia 
165 T. spelta YAI  spelt 2006 line 77 AABBDD Australia 
166 T. spelta YAI  spelt 2006 line 78 AABBDD Australia 
167 T. spelta YAI  spelt 2006 line 80 AABBDD Australia 
168 T. spelta YAI  spelt 2006 line 81 AABBDD Australia 
169 T. spelta YAI  spelt 2006 line 82 AABBDD Australia 
170 T. spelta YAI  spelt 2006 line 83 AABBDD Australia 
171 T. spelta YAI  spelt 2006 line 83a AABBDD Australia 
172 T. spelta YAI  spelt 2006 line 83b AABBDD Australia 
173 T. spelta GWF spelt 1 AABBDD Australia 
174 T. spelta GWF spelt 2 AABBDD Australia 
175 T. spelta Geoff Brown spelt AABBDD Australia 
176 T. aestivum Watkin's Collection Landrace 74 AABBDD Greece 
177 T. aestivum Watkin's Collection Landrace 327 AABBDD Tunisia 
178 T. aestivum Watkin's Collection Landrace 417 AABBDD Unknown 
179 T. aestivum Watkin's Collection Landrace 550 AABBDD Unknown 
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180 T. aestivum Watkin's Collection Landrace 639 AABBDD China 
181 T. aestivum Watkin's Collection Landrace 717 AABBDD India 
182 T. aestivum Watkin's Collection Landrace 747 AABBDD India 
183 T. aestivum Watkin's Collection Landrace 768 AABBDD India 
184 T. aestivum Watkin's Collection Landrace 810 AABBDD Morocco 
185 T. aestivum Watkin's Collection Landrace 827 AABBDD Spain 
186 T. aestivum Watkin's Collection Landrace 1007 AABBDD Spain 
187 T. aestivum Watkin's Collection Landrace 1036 AABBDD Morocco 
188 T. aestivum Watkin's Collection Landrace 1066 AABBDD Spain 
189 T. sphaerococcum Watkin's Collection Landrace 1250 AABBDD India 
190 T. sphaerococcum Watkin's Collection Landrace 1253 AABBDD Iraq 
191 Triticosecale Triticale line T28 AABBRR Australia 
192 Triticosecale Triticale line T32 AABBRR Australia 
193 Triticosecale Triticale line T144 AABBRR Australia 
194 Triticosecale Triticale line T180 AABBRR Australia 
195 Triticosecale Triticale line T200 AABBRR Australia 
196 Triticosecale Triticale line T217 AABBRR Australia 
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Buffer Solutions and Substrates 
 
Section 1: Electrophoresis 
 
12% Native-PAGE 
 
 
Slab Gels (2 gels) 
 
Resolving gel (30 mL) 
• dH2O   10.20 mL 
• 30% acrylamide (29:1)  12.00 mL 
• 1.0 M TRIS HCl pH 6.8  7.50 mL 
• 10% APS  0.30 mL 
• TEMED  12.00 L 
 
Stacking gel (15 mL) 
• dH2O   10.35 mL 
• 30% acrylamide (29:1)  2.49 mL 
• 1.5 M TRIS HCl pH 8.8  1.89 mL 
• 10% APS  0.15 mL 
• TEMED  15.00 L 
 
 
Mini Gels (4 gels) 
 
Resolving gel (15 mL) 
• dH2O   5.15 mL 
• 30% acrylamide (29:1)  6.00 mL 
• 1.0 M TRIS HCl pH 6.8  3.80 mL 
• 10% APS  0.15 mL 
• TEMED  6.00 L 
 
Stacking gel (5 mL) 
• dH2O   3.45 mL 
• 30% acrylamide (29:1)  0.83 mL 
• 1.5 M TRIS HCl pH 8.8  0.63 mL 
• 10% APS  0.05 mL 
• TEMED  5.00 L 
 
	
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12% SDS-PAGE 
 
Slab Gels (2 gels) 
 
Resolving gel (30 mL) 
• dH2O   9.90 mL 
• 30% acrylamide (29:1)  12.00 mL 
• 1.5 M TRIS HCl pH 8.8  7.50 mL 
• 10% SDS solution  0.30 mL 
• 10% APS  0.30 mL 
• TEMED  12.00 L 
  
Stacking gel (15 mL) 
• dH2O   10.20 mL 
• 30% acrylamide (29:1)  2.49 mL 
• 1.0 M TRIS HCl pH 6.8  1.89 mL 
• 10% SDS solution  0.15 mL 
• 10% APS  0.15 mL 
• TEMED  15.00 L 
 
 
Mini Gels (4 gels) 
 
Resolving gel (15 mL) 
• dH2O   5.00 mL 
• 30% acrylamide (29:1)  6.00 mL 
• 1.5 M TRIS HCl pH 8.8  3.80 mL 
• 10% SDS solution  0.15 mL 
• 10% APS  0.15 mL 
• TEMED  6.00 L 
 
Stacking gel (5 mL) 
• dH2O   3.40 mL 
• 30% acrylamide (29:1)  0.83 mL 
• 1.0 M TRIS HCl pH 6.8  0.63 mL 
• 10% SDS solution  0.05 mL 
• 10% APS  0.05 mL 
• TEMED  5.00 L 
 
Note: 
dH2O – distilled water 
TRIS – tris(hydroxymethyl)amminomethane 
HCl – hydrochloric acid 
APS – ammonium persulfate 
SDS – sodium dodecyl sulphate 
TEMED – tetramethylethylenediamine 
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Laemmli Native Running Buffer (1 L, 10X stock) 
 
TRIS  30.3 g 
Glycine  144.2 g 
Make up to 1 L with dH2O 
 
 
Laemmli SDS Running Buffer (1 L, 10X stock) 
 
TRIS   30.3 g 
Glycine  144.2 g 
10% SDS solution  100.0 mL 
Make up to 1 L with dH2O 
 
 
 
Electrophoresis Sample Loading Buffers 
 
2X SDS Sample Loading Buffer (10 mL) 
• 1 M Tris-HCl pH 6.8  1.2 mL 
• 10% SDS solution  4.0 mL 
• Glycerol  2.0 mL 
• 2-mercaptoethanol  0.5 mL 
• Bromophenol blue  1.0 mg 
• Make up to 10 mL with dH2O and store at 4
oC 
 
 
2X Native Sample Loading Buffer (10 mL) 
• 1 M Tris-HCl pH 8.8  1.2 mL 
• Glycerol  2.0 mL 
• 2-mercaptoethanol  0.5 mL 
• Bromophenol blue  1.0 mg 
• Make up to 10 mL with dH2O and store at 4
oC 
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Section 2: Isoelectric Focussing 
 
Ampholine PAGplate 
 
Sample Preparation 
Salt tolerance: high salt  band disturbance, samples with salt concentration > 50 mmol/L 
need to be desalted by dialysis. 
Sample optimal volumes (5-20 L), concentration (0.5-10 mg/mL), filter or centrifuge if they 
contain insoluble material.  Samples are prepared fresh each time and run by native PAGE 
prior to IEF. 
IEF standards: marker proteins (broad pI kit, pH 3-10) 
 
Electrode Solutions 
 
Gel pH range Anode solution Cathode solution 
3.5-9.5 1 mol/L H3PO4 1.0 mol/L NaOH 
4.0-6.5 0.1 mol/L glutamic acid in 0.5 
mol/L H3PO4 
0.1 mol/L β-alanine 
5.5-8.5 0.4 mol/L HEPES 0.1 mol/L NaOH 
4.0-5.0 1.0 mol/L H3PO4 1.0 mol/L glycine 
 
 
Running Conditions 
 
Gel pH Range Voltage (V) Current (mA) Power (W) Time (h) 
3.5-9.5 1500 50 30 1.5 
4.0-6.5 2000 25 25 2.5 
5.5-8.5 1600 50 25 2.5 
4.0-5.0 1400 50 30 3.0 
 
Note: 
1. If only half a gel was used, the current and power settings were divided by a factor of 
2. 
 
H3PO4 – ortho-phosphoric acid 
NaOH – sodium hydroxide 
HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
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Section 3: 2D Electrophoresis 
 
Reagents 
 
TCA Solution (100 mL) 
20% TCA 20 g 
2-mercaptoethanol 140 L    
Acetone 100 mL   
 
Acetone Wash Buffer (100 mL) 
2-mercaptoethanol 140 L    
Acetone 100 mL   
 
2D Sample Buffer (50 mL) 
8 M urea 24.024 g   
40 mM Tris 0.242 g   
2% w/v CHAPS 1.000 g  
65 mM DTT (dithiothreitol) 0.500 g  
  
1% IPG buffer pH 3-10      
0.001% bromophenol blue       
 
Mix 8 M urea, 40 mM Tris, 2% w/v CHAPS and 65 mM DTT as stock.  Aliquot into 1mL tubes 
and add 10 l IPG buffer pH 3-10 and 1 l bromophenol blue (1% stock in water) prior to 
use. 
 
Note: when making 8 M urea solution, add 25 mL of dH2O and mix gradually on a heat stirrer 
before make up to the final volume. 
 
IPG Equilibrium Solution (50 mL) 
6 M urea 18.018 g   
20% glycerol 10.000 mL   
2.5% acrylamide   1.250 mL 
65 mM DTT (dithiothreitol)   0.500 g   
2% SDS 10.000 ml (10% stock) 
37.5 mM Tris-Cl pH 8.8   1.250 ml (1.5 M stock) 
 
Note: when making 6 M urea solution, add 15 mL of dH2O and mix then add glycerol and 
SDS, acrylamide and Tris-Cl.  Make up the total volume to 50 mL. 
 
0.5% Agarose Overlay (500 mL) 
0.5% w/v agarose 2.5 g  
1x SDS running buffer (from 10X stock) 500.0 L 
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Section 4: Gel Staining 
 
Silver Staining  
 
1. Fixing solution methanol 50 mL 
 acetic acid 12 mL 
 dH2O 38 mL 
 formaldehyde 50 L 
 
2. Wash solution 50% ethanol in dH2O 
 
3. Pre-treatment sodium thiosulfate 40 mg 
 dH2O 200 mL 
 
4. Impregnate silver nitrate 200 mg 
 dH2O 100 mL 
 formaldehyde 75 L 
 
5. Developer sodium thiosulfate (pre-treatment solution) 2 mL 
 sodium carbonate 6 g 
 dH2O (make up to 100 ml) ~98 mL 
 formaldehyde 50 L 
 
6. Stop solution 5% acetic acid in dH2O 
 
 
 
Amylase Zymogram 
 
1. Incubation potato starch 3 g 
 dH2O 100 mL 
 
2. Lugol’s solution Ppotassium iodide 1.34 g 
 iodine 0.66 g 
 dH2O 200.00 mL 
 
3. Stop solution 5% acetic acid in dH2O  
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Section 5: Polymerase Chain Reaction 
 
5X buffer (Promega) 2.00 L 
25mM MgCl2 (Promega) 0.60 L 
dNTP 1.00 L 
Forward primer (Sigma) 0.25 L 
Reverse primer (Sigma) 0.25 L 
GoTag (Promega) 0.05 L 
H2O 3.85 L 
DNA 2.00 L 
 
5X buffer recipe: 
20 mM HEPES pH 7.5 
20 mM MgSO4 
20 mM KCl 
0.004% TritonX-100 
0.4 g/mL BSA 
 
Note: for Pinb PCR use 1 L of sample DNA and 1 L of known a-type DNA 
 
Touch down 
94ºC 3 min  specific binding temperature 
94ºC 30 sec 
65ºC 30 sec 
72ºC 30 sec 
Repeat 5 times at 2nd step  60ºC 
 
PCR 
94ºC 30 sec  denaturing temperature 
60ºC 30 sec  annealing temperature 
72ºC 30 sec  polymerase temperature 
Repeat 35 times 
72ºC 10 min 
 
Preparation for CelI digestion (incubate at 45ºC for 30 min) 
2x buffer 11 L 
CelI 1 L 
PCR product 8 L 
 
CelI digestion 
95ºC 5 min 
85ºC 30 sec  denaturing 
85ºC 30 sec  annealing 
Repeat 99 times 
 
Agarose gel (run at 120 V for 25 min) 
2% agarose (Amresco) 1.0 g 
Tris/acetic acid/EDTA buffer 50.0 mL 
Ethidium bromide 0.5 L 
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Section 6: ELISA 
 
Carbonate Coating Buffer pH 9.6 (1 L) 
• Sodium bicarbonate 2.9 g 
• Sodium carbonate 1.6 g 
• Make up to 1 L with dH2O 
 
 
Phosphate Buffered Saline (10 L, 5X stock) 
• Disodium hydrogen phosphate 273.1 g 
• Sodium dihydrogen phosphate dehydrate 90.0 g 
• Sodium chloride 450.0 g 
• Make up to 10 L with dH2O 
 
Note: For uses in ELISA and membrane washing, dilute to 1x PBS in dH2O and add 0.05% 
Tween-20. 
 
 
TMB ELISA Substrate 
 
Solution A pH 4.0 (1 L) 
• Potassium di-hydrogen citrate 47.195 g 
• Urea hydrogen peroxide 0.150 g 
• Make up to 1 L with dH2O 
 
Note: Adjust pH to 4.0 prior to make up final volume. 
 
Solution B – chromogen (20 mL) 
• Tetrabutylammonium borohydride (TBABH) 42 mg 
• N,N-Dimethylacetamide (DMA) 20 mL 
• 3,3’,5,5’-Tetramethylbenzidine (TMB) 197 mg 
 
 
2 M Phosphoric Acid (1 L) 
• Ortho-phosphoric acid 135 mL 
• dH2O  865 mL 
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Section 7: Immunoblotting 
 
 
TRIS-Glycine Transfer Buffer pH 10 (1 L, 10X stock) 
  
• TRIS 3.03 g 
• Glycine 14.20 g 
• 10% SDS solution 10.00 mL 
• Make up to 1 L with dH2O 
 
Note: Adjust pH to 10 with sodium hydroxide pellets prior to make up final volume. 
 
 
TRIS-Glycine Transfer Buffer 1x (for Western blotting) 
 
• TRIS-Glycine 10X stock 100 mL 
• Methanol 100 mL 
• dH2O 800 mL 
 
 
TMB Membrane Substrate 
 
Solution A pH 5.0 (1 L) 
• Sodium acetate 4.10 g 
• Urea hydrogen peroxide 0.15 g 
• Make up to 1 L with dH2O 
 
Note: Adjust pH to 5.0 with acetic acid prior to make up final volume. 
 
Solution B – chromogen (100 mL) 
• Dioctyl sulfosuccinate 0.7920 g 
• 3,3’,5,5’-tetramethylbenzidine (TMB) 0.2376 g 
• Dimethyl sulfoxide (DMSO) 3.3000 mL 
• Ethanol (make up to 1 L) ~ 96.0000 mL 
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Soluble Protein Polymorphisms Data 
 
Section 1: Composite of total number of species present against each albumin band.  Difference in protein bands between wheat 
(red) and spelt (blue) is also being compared. 
  No. A
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T. monococcum   5 0 5 0 0 4 0 4 5 5 5 0 5 5 0 5 5 0 1 5 0 
T. monococcum boeticum 4 0 4 0 0 1 0 3 4 4 4 0 4 4 1 4 4 0 1 4 0 
T. urartu 3 0 3 0 0 1 0 2 3 2 2 0 3 3 0 3 3 0 1 3 0 
A. speltoides 4 0 4 0 0 0 0 0 3 2 2 0 4 4 0 4 4 1 0 4 0 
T. searsii 1 0 1 0 0 1 0 1 1 1 1 0 1 1 0 1 1 0 0 1 1 
T. tauschii 6 1 6 0 1 0 1 6 1 2 2 0 6 1 0 6 1 4 5 3 0 
S. cereale 1 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 
T. turgidum durum 17 1 17 3 0 0 0 12 4 0 6 2 15 2 3 14 7 6 10 6 1 
T. turgidum dicoccoides 4 0 4 1 0 1 0 2 0 1 1 0 4 2 0 4 4 3 3 4 2 
T. timopheevi araraticum 5 0 5 0 0 0 0 0 0 0 0 0 5 1 0 3 5 2 2 5 0 
Kamut 1 0 1 0 0 0 0 0 1 0 1 1 1 1 0 1 1 1 0 1 0 
T. aestivum 64 2 26 0 10 1 0 0 5 3 3 0 44 12 1 21 33 10 6 42 6 
T. aestivum compacticum 4 0 4 0 0 0 0 0 0 0 0 0 1 0 0 3 4 0 0 1 0 
T. aestivum macha 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 
T. vavilovii 4 0 0 0 0 0 0 0 0 0 0 0 2 0 0 4 4 1 0 0 0 
T. spelta 62 0 0 0 4 0 0 0 0 7 0 0 24 2 7 29 29 1 15 12 0 
T. sphaerococcum 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 0 2 0 0 0 
Triticosecale 5 0 1 0 3 0 0 1 1 2 0 0 0 1 0 2 0 3 1 0 0 
    
Total 
 
4 82 4 19 9 1 32 28 29 27 3 120 39 12 108 106 35 46 91 10 
    
Difference (wheat - spelt)   2 26 0 6 1 0 0 5 4 3 0 20 10 6 8 4 9 9 30 6 
	
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T. monococcum   5 0 5 5 5 1 0 0 5 0 0 0 0 0 3 2 0 0 5 0 0 
T. monococcum boeticum 4 0 4 4 4 2 0 0 4 0 0 0 0 0 4 0 0 0 4 0 0 
T. urartu 3 0 3 3 3 2 0 0 3 0 0 0 0 0 3 0 0 0 3 0 0 
A. speltoides 4 0 4 4 2 2 0 0 4 0 0 0 0 0 4 0 0 0 4 0 0 
T. searsii 1 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 
T. tauschii 6 1 5 3 0 0 0 3 1 0 0 0 0 0 0 1 0 0 6 0 0 
S. cereale 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
T. turgidum durum 17 7 15 9 1 3 1 4 1 0 0 1 0 0 6 0 0 0 17 0 0 
T. turgidum dicoccoides 4 1 4 4 1 3 0 2 0 1 0 1 0 0 3 0 0 0 4 0 0 
T. timopheevi araraticum 5 5 5 5 1 2 0 0 0 0 0 0 0 0 5 0 0 0 5 0 0 
Kamut 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 
T. aestivum 64 25 53 18 18 29 12 13 32 5 1 3 1 3 21 0 0 0 33 0 0 
T. aestivum compacticum 4 1 3 1 1 0 0 4 0 0 0 0 0 0 4 0 0 0 0 0 0 
T. aestivum macha 3 0 2 2 0 0 0 3 0 0 0 0 0 0 3 0 0 0 0 0 0 
T. vavilovii 4 0 4 4 0 0 3 4 0 0 0 0 0 0 3 0 0 0 0 0 0 
T. spelta 62 3 36 22 4 32 16 35 14 5 0 12 0 2 30 3 4 1 26 7 8 
T. sphaerococcum 2 0 2 0 0 2 0 2 0 0 0 0 0 0 2 0 0 0 0 0 0 
Triticosecale 5 0 3 0 2 3 1 1 1 2 0 0 0 1 1 0 0 0 0 0 0 
    
Total 
 
44 151 86 42 81 33 71 66 13 1 17 1 6 94 6 4 1 110 8 8 
    
Difference (wheat - spelt)   22 17 4 14 3 4 22 18 0 1 9 1 1 9 3 4 1 7 7 8 
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Section 2: Composite of total number of species present against each albumin band (kDa).  Difference in protein bands between 
wheat (red) and spelt (blue) is also being compared. 
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T. monococcum   5 0 0 0 0 3 0 0 0 4 0 0 3 0 1 0 0 0 4 0 5 0 0 
T. monococcum boeticum 4 0 0 2 2 0 2 2 1 3 2 1 0 0 2 2 0 3 1 2 3 0 1 
T. urartu 3 0 0 0 0 2 0 0 0 3 0 0 3 0 0 0 0 3 0 3 0 1 0 
A. speltoides 4 0 0 0 0 0 0 0 0 0 0 4 0 0 0 3 0 4 0 0 0 1 2 
T. searsii 1 0 0 0 1 0 1 0 0 1 1 1 0 0 0 0 0 0 1 0 1 0 1 
T. tauschii 6 0 0 1 2 0 2 0 2 6 6 1 2 0 2 2 0 6 0 2 0 4 5 
S. cereale 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 1 0 1 1 0 1 
T. turgidum durum 17 0 4 12 9 14 10 11 9 4 12 0 2 1 15 5 12 13 7 14 7 7 4 
T. turgidum dicoccoides 4 0 0 2 2 4 2 2 2 0 2 0 2 0 4 2 3 2 2 4 2 2 4 
T. timopheevi araraticum 5 0 0 5 5 5 5 0 5 0 5 0 0 0 5 0 5 5 0 5 0 4 1 
Kamut 1 0 0 1 1 1 1 0 1 0 1 0 0 0 1 0 1 1 0 1 0 1 1 
T. aestivum 64 2 9 8 6 7 5 19 24 23 7 3 16 24 35 20 35 50 30 40 32 24 30 
T. aestivum compacticum 4 0 0 0 0 2 0 2 0 0 0 0 4 0 4 2 4 0 4 3 3 1 3 
T. aestivum macha 3 0 0 0 0 3 0 3 0 0 0 0 3 0 3 0 3 0 3 3 3 0 3 
T. vavilovii 4 0 0 0 0 4 0 4 0 3 0 2 2 0 0 2 4 0 4 4 4 0 4 
T. spelta 62 3 0 3 11 2 3 13 24 24 32 13 16 2 35 31 42 49 24 36 20 24 24 
T. sphaerococcum 2 0 0 0 0 0 0 0 0 0 2 0 0 0 2 0 2 2 0 2 2 0 2 
Triticosecale 5 0 0 0 0 0 0 0 0 0 2 0 0 0 3 0 3 3 0 3 3 0 3 
    
Total 5 13 34 39 47 31 56 68 71 73 25 53 27 113 69 115 142 80 123 86 69 89 
    
Difference (wheat - spelt)   1 9 5 5 5 2 6 0 1 25 10 0 22 0 11 7 1 6 4 12 0 6 
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T. monococcum   5 1 1 0 4 0 3 0 3 0 0 5 0 0 4 0 0 0 4 1 4 0 0 
T. monococcum boeticum 4 3 1 1 2 0 2 2 1 0 1 2 1 2 3 1 0 1 2 2 2 0 1 
T. urartu 3 3 0 0 2 0 0 0 1 0 0 3 0 0 3 0 0 0 3 0 3 0 3 
A. speltoides 4 0 0 3 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. searsii 1 0 1 1 0 0 1 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 1 
T. tauschii 6 0 0 1 5 0 0 2 1 2 2 4 0 0 6 0 1 5 1 5 1 0 5 
S. cereale 1 0 1 1 0 1 0 0 1 0 0 0 1 0 1 0 1 0 1 0 0 1 0 
T. turgidum durum 17 0 0 5 10 2 4 5 1 2 9 3 2 2 13 3 6 12 1 3 7 1 0 
T. turgidum dicoccoides 4 0 0 0 3 0 0 2 2 0 2 0 0 4 0 0 2 2 2 2 0 1 0 
T. timopheevi araraticum 5 0 0 0 5 0 0 5 0 0 5 0 0 1 3 0 5 0 1 0 0 0 0 
Kamut 1 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 
T. aestivum 64 6 23 27 15 25 8 22 19 16 28 12 25 12 32 23 22 33 11 34 21 25 11 
T. aestivum compacticum 4 1 0 1 0 0 0 1 3 1 0 0 0 4 0 0 1 3 1 0 3 1 0 
T. aestivum macha 3 0 0 2 0 0 0 0 3 0 0 0 0 3 0 0 0 3 0 2 1 0 0 
T. vavilovii 4 0 0 2 2 0 0 3 1 3 0 0 0 3 0 0 0 4 0 0 4 0 0 
T. spelta 62 13 9 10 24 22 3 13 23 11 42 9 16 8 38 11 32 21 22 20 33 3 18 
T. sphaerococcum 2 0 2 2 0 2 0 0 2 0 0 0 2 0 2 0 2 0 2 0 0 2 1 
Triticosecale 5 0 3 3 0 3 0 0 3 0 0 0 3 0 3 0 3 0 3 0 0 3 3 
    
Total 27 41 59 73 55 21 60 64 36 90 39 50 39 109 38 76 85 54 70 79 37 43 
    
Difference (wheat - spelt)   7 14 17 9 3 5 9 4 5 14 3 9 4 6 12 10 12 11 14 12 22 7 
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T. monococcum   5 0 5 0 2 0 0 0 0 0 0 0 4 0 1 0 0 4 0 4 0 0 4 
T. monococcum boeticum 4 0 2 0 3 0 0 0 1 1 0 1 2 0 0 1 1 0 1 0 0 1 1 
T. urartu 3 0 0 0 3 0 0 0 0 0 0 0 3 0 0 0 0 2 0 3 0 0 1 
A. speltoides 4 0 0 1 2 0 0 3 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 
T. searsii 1 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 
T. tauschii 6 0 0 0 0 0 0 0 5 1 0 0 4 0 5 0 0 1 5 0 0 0 4 
S. cereale 1 0 0 1 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 
T. turgidum durum 17 0 0 0 0 3 3 14 2 0 11 4 1 1 12 3 5 2 2 7 3 2 0 
T. turgidum dicoccoides 4 0 0 0 0 0 1 3 0 0 0 0 0 4 0 2 1 0 0 2 0 1 2 
T. timopheevi araraticum 5 0 0 0 0 1 0 5 0 0 1 0 0 1 1 0 0 0 0 2 0 0 1 
Kamut 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
T. aestivum 64 5 0 18 8 2 27 14 7 2 8 22 2 5 17 19 16 6 17 19 36 18 14 
T. aestivum compacticum 4 0 0 0 0 4 0 3 0 0 0 4 0 0 1 0 0 0 0 0 0 4 0 
T. aestivum macha 3 0 0 0 0 3 0 3 0 0 0 3 0 0 3 0 0 0 0 0 0 3 0 
T. vavilovii 4 0 0 0 4 0 0 4 0 0 0 0 4 0 0 4 0 0 4 0 0 4 0 
T. spelta 62 2 2 11 18 2 13 12 21 10 6 16 12 3 18 5 17 16 20 8 16 25 5 
T. sphaerococcum 2 0 0 2 0 0 2 0 0 0 0 2 0 0 0 1 0 0 0 0 2 0 0 
Triticosecale 5 0 0 3 0 0 2 0 0 0 0 3 0 0 0 3 0 1 0 0 3 0 0 
    
Total 7 9 36 41 15 49 62 37 14 26 56 37 14 59 39 40 32 50 46 61 58 33 
    
Difference (wheat - spelt)   3 2 7 10 0 14 2 14 8 2 6 10 2 1 14 1 10 3 11 20 7 7 
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T. monococcum   5 0 1 0 0 4 0 1 0 0 0 0 0 5 0 1 4 0 0 0 4 1 
T. monococcum boeticum 4 0 0 0 1 2 0 1 0 1 1 0 1 2 1 0 3 0 0 0 2 0 
T. urartu 3 0 0 3 0 3 0 0 0 0 1 0 0 1 0 0 3 0 0 0 3 0 
A. speltoides 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 
T. searsii 1 1 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 
T. tauschii 6 2 3 0 0 4 0 3 2 2 1 5 0 2 0 0 1 3 0 0 0 6 
S. cereale 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
T. turgidum durum 17 3 11 4 11 0 5 2 13 3 9 2 4 0 4 2 4 3 0 0 0 1 
T. turgidum dicoccoides 4 2 0 0 4 0 1 1 2 1 1 1 0 0 0 2 0 0 0 0 0 0 
T. timopheevi araraticum 5 0 1 0 5 0 0 0 5 0 1 0 4 0 0 0 0 0 0 0 0 0 
Kamut 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
T. aestivum 64 24 30 26 26 14 26 9 14 33 12 7 17 2 21 17 12 14 14 3 6 1 
T. aestivum compacticum 4 4 0 4 0 0 4 0 0 3 1 0 0 0 4 0 0 0 0 0 0 0 
T. aestivum macha 3 3 0 3 0 0 3 0 0 3 0 0 0 0 3 1 0 0 1 0 0 0 
T. vavilovii 4 1 3 0 0 0 4 0 0 0 3 1 2 0 0 0 4 0 0 0 0 0 
T. spelta 62 8 33 21 20 6 7 32 0 7 2 15 10 3 13 16 3 10 7 0 0 16 
T. sphaerococcum 2 0 2 0 2 0 0 0 0 2 0 0 1 0 0 0 0 0 0 0 0 0 
Triticosecale 5 0 3 0 3 0 0 0 0 2 0 0 2 0 0 0 0 0 0 0 0 0 
    
Total 48 88 61 74 34 50 49 38 58 32 32 42 15 46 39 34 30 22 3 15 30 
    
Difference (wheat - spelt)   16 3 5 6 8 19 23 14 26 10 8 7 1 8 1 9 4 7 3 6 15 
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Section 3: Composite of total number of species present against each globulin band.  Difference in protein bands between wheat 
(red) and spelt (blue) is also being compared. 
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T. monococcum   5 1 2 0 0 2 3 0 0 0 2 5 2 3 4 4 2 0 0 0 0 0 1 0 0 0 0 0 
T. monococcum boeticum 4 0 0 0 0 0 4 0 0 0 0 4 2 0 4 4 3 2 0 0 0 0 0 0 0 0 0 0 
T. urartu 3 0 0 0 0 0 3 0 0 0 0 3 1 0 3 3 1 0 0 0 0 0 0 0 0 0 0 0 
A. speltoides 4 0 0 0 0 0 4 0 0 0 0 4 4 0 4 4 4 0 0 0 0 0 0 0 0 0 0 0 
T. searsii 1 0 0 0 0 0 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
T. tauschii 6 0 1 0 0 1 3 0 1 1 5 5 4 3 2 2 1 1 0 0 0 0 0 0 0 0 1 0 
S. cereale 1 0 0 0 0 0 1 0 1 0 1 1 1 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 
T. turgidum durum 17 0 0 0 0 0 11 1 10 0 14 14 11 11 4 13 1 6 0 7 0 0 0 7 0 0 2 0 
T. turgidum dicoccoides 4 0 0 0 0 0 4 0 0 2 2 4 0 0 0 4 0 1 0 4 0 0 0 4 0 0 0 0 
T. timopheevi araraticum 5 0 0 0 0 0 5 0 1 1 0 5 2 3 2 5 3 4 3 1 1 0 0 4 0 0 0 0 
Kamut 1 0 0 0 0 0 1 0 1 0 0 1 1 1 1 1 1 0 1 0 0 0 0 1 0 0 0 0 
T. aestivum 64 0 0 0 0 0 3 0 1 1 7 2 14 17 15 32 33 21 16 24 2 11 5 12 0 1 5 1 
T. aestivum compacticum 4 0 0 0 0 0 0 0 0 0 1 1 3 0 1 3 3 0 1 3 0 0 0 3 0 0 0 0 
T. aestivum macha 3 0 0 0 0 0 0 0 0 0 0 0 2 2 0 3 3 0 0 3 0 0 0 3 1 0 0 0 
T. vavilovii 4 0 0 0 0 0 0 0 0 0 1 1 3 2 1 4 4 3 2 3 0 0 0 2 1 0 0 0 
T. spelta 62 0 0 0 2 0 8 1 11 4 11 12 17 23 24 26 27 17 18 24 3 5 3 21 1 0 12 1 
T. sphaerococcum 2 0 0 0 0 0 0 0 0 1 0 1 0 0 0 2 0 2 0 2 1 0 0 0 0 0 0 0 
Triticosecale 5 0 0 1 0 1 0 0 2 0 1 1 0 0 2 2 0 3 0 0 1 1 2 0 0 0 0 0 
    
Total 1 3 1 2 4 50 2 28 10 46 65 67 67 68 113 86 61 41 71 8 17 11 58 3 1 20 2 
  
                          
  
Difference (wheat - spelt)   0 0 0 2 0 5 1 10 3 4 10 3 6 9 6 6 4 2 0 1 6 2 9 1 1 7 0 
 
A29 
 
Section 4: Composite of total number of species present against each globulin band (kDa).  Difference in protein bands between 
wheat (red) and spelt (blue) is also being compared. 
 
Molecular Weight (kDa) 
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T. monococcum   5 0 0 0 0 0 2 0 2 0 1 3 2 0 0 0 0 0 1 3 0 5 5 0 
T. monococcum boeticum 4 0 1 0 1 0 2 1 0 2 2 3 2 1 0 0 0 0 2 0 0 4 4 1 
T. urartu 3 0 0 0 0 0 0 1 1 0 1 0 1 1 0 0 0 0 0 2 0 3 3 0 
A. speltoides 4 0 0 0 2 0 0 0 0 0 0 3 3 0 3 3 3 1 0 0 0 0 0 0 
T. searsii 1 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 0 0 1 0 0 0 0 
T. tauschii 6 0 0 0 0 0 0 2 2 0 3 0 4 4 4 2 2 1 1 1 2 3 1 2 
S. cereale 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 1 1 1 0 0 0 
T. turgidum durum 17 0 0 0 0 0 3 0 3 0 0 0 0 2 2 1 1 0 0 8 9 9 8 0 
T. turgidum dicoccoides 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0 
T. timopheevi araraticum 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 5 5 3 0 
Kamut 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 
T. aestivum 64 0 2 1 1 1 14 2 13 0 3 4 1 9 9 22 18 1 11 22 24 31 17 5 
T. aestivum compacticum 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. aestivum macha 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. vavilovii 4 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 3 0 0 
T. spelta 62 3 4 4 20 13 2 5 16 10 9 0 6 6 14 9 8 12 11 20 28 18 9 14 
T. sphaerococcum 2 0 0 0 0 0 0 0 0 1 1 1 0 1 1 1 0 0 2 2 2 0 0 0 
Triticosecale 5 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 3 3 3 0 0 0 
    
Total 3 7 5 24 14 23 12 38 15 20 14 20 27 34 40 32 15 32 66 78 84 50 22 
  
                      
  
Difference (wheat - spelt)   0 2 3 19 12 12 3 3 10 6 4 5 3 5 13 10 11 0 2 4 13 8 9 
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T. monococcum   5 2 1 1 1 0 0 0 1 1 0 1 4 2 3 1 1 0 1 0 1 3 0 0 
T. monococcum boeticum 4 1 0 0 1 0 1 0 1 1 2 0 2 0 2 2 1 1 2 1 2 1 1 1 
T. urartu 3 0 0 3 2 0 0 0 0 0 0 0 3 0 0 3 0 0 0 2 0 1 0 2 
A. speltoides 4 0 0 0 0 2 2 0 2 3 0 0 1 2 1 0 0 0 0 0 0 2 0 0 
T. searsii 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 
T. tauschii 6 0 1 0 0 0 0 0 1 2 3 1 2 1 0 2 0 4 4 1 1 0 1 2 
S. cereale 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 
T. turgidum durum 17 0 8 0 6 0 0 1 3 5 1 0 2 4 4 7 4 4 5 5 4 8 1 3 
T. turgidum dicoccoides 4 0 0 1 1 0 0 0 0 0 0 0 2 0 0 2 0 0 2 0 0 2 0 0 
T. timopheevi araraticum 5 0 0 0 0 0 0 0 0 0 1 2 2 1 1 2 0 1 2 1 3 4 0 0 
Kamut 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 
T. aestivum 64 3 16 10 10 12 3 5 13 27 26 21 26 25 11 27 8 12 12 10 10 21 15 24 
T. aestivum compacticum 4 0 0 0 2 1 1 0 0 1 1 0 0 0 0 3 1 0 1 0 3 0 0 1 
T. aestivum macha 3 0 1 0 1 1 0 0 0 0 0 0 0 0 0 3 0 0 0 0 2 2 0 0 
T. vavilovii 4 0 0 0 0 1 1 0 0 0 4 0 0 0 0 4 0 0 0 0 4 4 0 0 
T. spelta 62 14 14 19 7 11 1 0 11 30 21 16 17 32 26 31 22 17 18 20 24 37 28 17 
T. sphaerococcum 2 0 2 0 0 0 0 0 0 2 2 2 2 2 0 0 0 0 1 1 1 0 2 0 
Triticosecale 5 1 2 0 0 0 0 0 0 2 3 3 3 2 0 0 0 1 1 0 0 2 0 1 
    
Total 22 45 34 31 28 9 6 32 75 64 47 66 71 48 87 39 41 49 41 56 87 49 51 
  
                      
  
Difference (wheat - spelt)   11 2 9 3 1 2 5 2 3 5 5 9 7 15 4 14 5 6 10 14 16 13 7 
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T. monococcum   5 2 0 1 0 4 1 0 0 3 1 3 0 1 0 2 0 0 1 1 1 2 0 1 
T. monococcum boeticum 4 0 1 1 1 1 2 1 2 2 0 1 1 0 1 1 2 2 1 0 1 1 0 2 
T. urartu 3 0 3 0 1 2 2 0 2 0 0 3 1 0 0 3 0 0 0 0 0 0 3 3 
A. speltoides 4 0 2 0 0 0 0 2 2 0 0 0 0 0 0 2 0 1 0 0 2 0 0 2 
T. searsii 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 
T. tauschii 6 5 0 0 1 2 2 2 0 0 5 1 1 3 3 1 2 5 2 2 1 0 1 1 
S. cereale 1 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 1 
T. turgidum durum 17 4 0 2 0 0 4 7 16 3 1 0 0 1 4 6 4 8 7 1 1 5 7 2 
T. turgidum dicoccoides 4 0 0 0 2 0 2 0 2 0 2 0 0 0 2 0 1 2 2 0 0 2 2 0 
T. timopheevi araraticum 5 1 0 0 0 0 1 2 5 0 0 0 0 0 1 1 2 1 1 0 1 2 0 3 
Kamut 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
T. aestivum 64 28 13 14 20 4 10 39 42 13 28 35 7 11 3 32 17 14 30 13 6 16 28 28 
T. aestivum compacticum 4 2 3 4 1 0 0 0 1 0 4 0 0 0 0 0 2 2 1 0 0 0 1 3 
T. aestivum macha 3 2 2 3 0 1 0 0 0 0 3 0 0 0 0 0 0 3 0 0 0 0 0 3 
T. vavilovii 4 1 2 0 1 0 0 0 1 0 4 4 1 1 1 0 1 1 0 1 0 2 2 0 
T. spelta 62 20 11 14 14 22 23 16 7 21 36 10 16 15 8 17 20 29 17 16 0 13 28 27 
T. sphaerococcum 2 1 1 0 0 0 0 1 1 0 2 1 0 0 0 1 1 1 1 1 0 0 2 0 
Triticosecale 5 2 0 0 0 0 2 1 0 0 3 1 0 1 2 1 1 1 1 1 0 2 0 0 
    
Total 69 40 39 41 36 50 71 82 43 90 59 27 33 26 67 54 72 65 36 13 46 75 76 
  
                      
  
Difference (wheat - spelt)   8 2 0 6 18 13 23 35 8 8 25 9 4 5 15 3 15 13 3 6 3 0 1 
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T. monococcum   5 1 2 3 2 1 1 0 2 1 3 2 1 4 4 0 0 1 3 3 0 2 3 1 
T. monococcum boeticum 4 1 1 1 1 0 1 1 0 2 2 2 1 1 1 2 1 1 1 0 0 0 1 1 
T. urartu 3 0 0 3 1 0 3 0 2 0 0 0 0 3 3 0 0 0 0 0 0 3 0 0 
A. speltoides 4 0 0 0 0 0 0 0 0 4 3 0 0 0 0 0 0 0 0 0 0 0 3 3 
T. searsii 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 1 
T. tauschii 6 2 1 0 0 0 0 2 0 4 2 0 0 0 0 0 0 0 4 5 0 0 5 6 
S. cereale 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. turgidum durum 17 6 4 0 0 1 5 2 9 2 5 0 3 2 3 0 1 0 0 4 3 7 1 0 
T. turgidum dicoccoides 4 2 2 0 0 0 1 2 2 1 0 0 0 0 1 1 2 0 2 2 2 0 0 0 
T. timopheevi araraticum 5 3 0 0 0 0 0 0 1 3 1 0 0 0 0 0 0 0 0 0 2 0 2 0 
Kamut 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. aestivum 64 18 27 16 4 7 22 16 17 21 21 10 14 22 8 7 11 17 4 13 17 22 7 16 
T. aestivum compacticum 4 0 3 3 0 0 4 1 0 0 0 1 0 0 2 0 1 1 0 1 0 0 0 0 
T. aestivum macha 3 0 3 3 0 0 3 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 
T. vavilovii 4 0 4 4 0 0 4 4 0 0 2 2 2 1 1 1 1 1 0 0 0 0 0 4 
T. spelta 62 11 6 6 2 5 9 6 10 18 13 7 23 17 1 1 5 5 11 14 10 7 8 17 
T. sphaerococcum 2 0 0 2 1 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Triticosecale 5 1 2 0 0 0 1 2 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
    
Total bands present 46 55 41 12 14 54 36 45 60 54 25 44 50 24 12 25 26 25 43 34 41 31 49 
  
                      
  
Difference (wheat - spelt)   7 21 10 2 2 13 10 7 3 8 3 9 5 7 6 6 12 7 1 7 15 1 1 
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T. monococcum   5 1 0 0 1 1 3 3 0 0 0 0 0 0 2 4 2 1 5 0 0 2 3 0 0 
T. monococcum boeticum 4 2 1 0 1 0 1 1 0 1 1 0 2 2 1 0 1 0 2 1 1 1 0 0 0 
T. urartu 3 0 0 0 0 2 3 1 0 0 0 0 0 0 0 0 0 1 2 1 0 0 1 0 0 
A. speltoides 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. searsii 1 1 0 1 1 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 0 
T. tauschii 6 6 1 1 1 5 5 1 0 2 3 0 0 0 1 2 0 0 0 1 0 0 2 4 1 
S. cereale 1 0 0 0 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 
T. turgidum durum 17 0 4 4 4 8 0 1 6 3 6 4 4 3 1 2 1 4 3 5 1 4 0 1 2 
T. turgidum dicoccoides 4 0 1 0 0 1 1 2 0 4 0 2 0 0 2 0 2 2 0 1 2 0 2 0 2 
T. timopheevi araraticum 5 0 0 0 0 2 0 0 0 0 2 1 0 3 1 0 3 0 2 3 0 0 0 0 0 
Kamut 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. aestivum 64 18 15 4 14 14 24 24 20 18 32 23 2 9 25 18 5 14 10 27 16 2 8 12 8 
T. aestivum compacticum 4 0 0 0 0 3 1 3 0 0 0 0 0 0 0 0 4 4 0 0 0 0 2 2 1 
T. aestivum macha 3 0 0 0 0 1 2 3 0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 3 0 
T. vavilovii 4 4 4 0 2 0 0 0 0 0 0 0 0 0 4 4 0 4 4 4 4 0 0 1 2 
T. spelta 62 16 9 2 6 8 19 29 10 15 17 8 1 9 16 5 1 13 5 9 8 1 8 13 6 
T. sphaerococcum 2 0 0 0 0 0 0 2 2 0 0 0 0 2 2 0 0 0 0 2 2 0 0 0 0 
Triticosecale 5 0 0 0 0 0 0 3 3 0 0 0 0 3 3 0 0 0 0 3 3 0 0 0 0 
    
Total 52 35 12 30 45 59 74 43 43 61 39 10 32 60 35 22 46 33 58 38 10 26 37 22 
  
                       
  
Difference (wheat - spelt)   2 6 2 8 6 5 5 10 3 15 15 1 0 9 13 4 1 5 18 8 1 0 1 2 
 
  
 
Section 5: Band scoring of albumin protein polymorphisms by native PAGE
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0
001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
002 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
003 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
004 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
005 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
006 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
007 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
008 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
009 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
010 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
011 1 1 1 1 1 1 1 1 1 1 1 1 1 1
012 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
013 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
014 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
015 1 1 1 1 1 1 1 1 1 1 1 1 1
016 1 1 1 1 1 1 1 1 1 1 1 1
017 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
018 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
019 1 1 1 1 1 1 1 1 1 1 1 1 1
020 1 1 1 1 1 1 1 1 1
021 1 1 1 1 1 1 1 1
022 1 1 1 1 1 1 1 1 1 1
023 1 1 1 1 1 1 1 1
024 1 1 1 1 1 1 1
025 1 1 1 1 1 1 1 1
026 1 1 1 1 1 1 1 1
027 1 1 1 1 1 1 1 1 1
028 1 1 1 1 1 1 1 1 1 1
029 1 1 1 1 1 1 1 1
030 1 1 1 1 1 1 1
031 1 1 1 1 1 1 1 1
032 1 1 1 1 1 1 1 1 1 1
033 1 1 1 1 1 1 1 1 1
034 1 1 1 1 1 1 1 1 1
035 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
036 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
037 1 1 1 1 1 1 1 1 1 1 1 1
038 1 1 1 1 1 1 1 1 1 1 1
039 1 1 1 1 1 1 1 1 1 1 1
040 1 1 1 1 1 1 1 1 1 1 1
041 1 1 1 1 1 1 1 1 1 1 1 1
042 1 1 1 1 1 1 1 1 1 1 1
043 1 1 1 1 1 1 1 1 1 1 1
044 1 1 1 1 1 1 1 1 1 1 1
045 1 1 1 1 1 1 1 1 1
046 1 1 1 1 1 1 1 1 1 1
047 1 1 1 1 1 1 1 1 1 1 1 1 1 1
048 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
049 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
050 1 1 1 1 1 1 1 1 1 1 1 1 1 1
051 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
052 1 1 1 1 1 1 1 1 1 1
053 1 1 1 1 1 1 1 1
054 1 1 1 1 1 1 1 1 1 1 1
055 1 1 1 1 1 1
056 1 1 1 1 1 1 1 1 1 1
057 1 1 1 1 1 1 1 1 1
058 1 1 1 1 1 1 1 1
059 1 1 1 1 1 1 1 1 1
060 1 1 1 1 1 1 1 1 1 1
061 1 1 1 1 1 1 1 1
062 1 1 1 1 1 1 1 1 1 1
063 1 1 1 1
064 1 1 1
065 1 1 1 1 1 1 1 1
066 1 1 1 1 1 1 1
Albumin Bands
067 1 1 1 1 1
068 1 1 1 1 1 1 1 1 1 1 1 1
069 1 1 1 1 1 1 1 1 1 1 1
070 1 1 1 1 1 1
071 1 1 1 1 1 1
072 1 1 1 1 1 1 1 1 1
073 1 1 1 1 1 1 1 1
074 1 1 1 1 1 1
075 1 1 1 1 1 1 1 1 1
076 1 1 1 1 1 1
077 1 1 1 1 1 1 1
078 1 1 1 1 1 1 1 1
079 1 1 1 1 1 1 1
080 1 1 1 1 1 1
081 1 1 1 1 1
082 1 1 1 1 1 1 1
083 1 1 1 1 1 1 1
084 1 1 1 1 1 1 1
085 1 1 1 1 1 1
086 1 1
087 1 1 1 1 1 1 1 1 1
088 1 1 1 1 1 1 1 1 1
089 1 1 1 1 1 1 1 1 1
090 1 1 1 1 1 1 1 1
091 1 1 1
092 1 1 1 1
093 1 1 1 1 1 1 1 1 1
094 1 1 1 1 1 1 1 1
095 1 1 1 1 1 1 1 1 1 1
096 1 1 1 1 1 1 1 1 1
097 1 1 1 1 1 1 1 1
098 1 1 1 1 1 1 1 1
099 1 1 1 1 1 1 1 1
100 1 1 1 1 1 1 1 1
101 1 1 1 1 1 1 1 1
102 1 1 1 1 1 1 1 1 1 1 1 1
103 1 1 1 1 1 1 1 1
104 1 1 1 1 1 1
105 1 1 1 1 1 1
106 1 1 1 1 1 1 1
107 1 1 1 1 1 1
108 1 1 1
109 1 1 1 1
110 1 1 1 1 1 1 1 1
111 1 1 1 1 1 1
112 1 1 1 1 1 1 1 1
113 1 1 1 1 1 1 1
114 1 1 1 1 1 1 1 1
115 1 1 1 1 1 1 1 1 1
116 1 1 1 1 1 1 1 1 1
117 1 1 1 1 1 1 1 1
118 1 1 1 1 1 1 1 1
119 1 1 1 1 1 1 1 1
120 1 1 1 1 1 1
121 1 1 1 1 1 1 1 1 1
122 1 1 1 1 1 1 1 1 1
123 1 1 1 1 1 1 1 1 1
124 1 1 1 1 1 1 1
125 1 1 1 1 1 1 1 1 1
126 1 1 1 1 1 1
127 1 1 1 1 1 1 1
128 1 1 1 1 1 1 1 1
129 1 1 1 1 1 1 1
130 1 1 1 1 1 1 1 1 1
131 1 1 1 1 1 1 1 1
132 1 1 1 1 1 1 1
133 1 1 1 1 1 1 1
134 1 1 1 1 1 1 1 1
135 1 1 1 1 1
136 1 1 1 1 1 1 1 1
137 1 1 1 1 1
138 1 1 1 1 1
139 1 1 1 1
140 1 1 1 1
141 1 1 1 1 1 1 1
142 1 1 1 1 1 1 1 1
143 1 1 1 1
144 1 1 1
145 1 1 1 1 1 1
146 1 1 1 1
147 1 1 1 1
148 1 1 1
149 1 1 1 1 1 1
150 1 1 1 1 1 1
151 1 1 1 1 1 1 1 1 1 1 1 1
152 1 1 1 1
153 1 1 1 1
154 1 1 1 1 1 1 1 1 1 1 1 1
155 1 1 1 1 1
156 1 1 1 1 1 1 1 1
157 1 1
158 1 1 1 1
159 1
160 1 1
161 1 1 1 1
162 1 1 1 1 1
163 1 1 1 1
164 1 1 1 1
165 1 1 1 1 1 1
166 1 1 1 1 1 1 1
167 1 1 1 1 1
168 1 1 1 1 1
169 1 1 1 1 1 1 1
170 1 1 1 1 1 1
171 1 1 1 1 1 1
172 1 1 1 1 1 1 1 1
173 1 1 1 1 1 1 1
174 1 1 1 1 1 1 1 1
175 1 1 1 1 1 1 1 1
176 1 1 1 1 1 1 1
177 1 1 1 1 1 1
178 1 1 1 1 1 1 1 1
179 1 1 1 1 1 1 1 1 1 1 1 1
180 1 1 1 1 1 1 1 1 1
181 1 1 1 1 1 1 1 1 1
182 1 1 1 1 1 1 1 1 1 1 1
183 1 1 1 1 1 1 1 1
184 1 1 1 1 1
185 1 1 1 1 1
186 1 1 1 1 1 1 1 1 1 1 1
187 1 1 1 1 1
188 1 1 1 1 1 1 1 1 1 1 1 1 1
189 1 1 1 1 1
190 1 1 1 1
191 1 1 1 1 1 1 1
192 1 1 1 1 1 1 1
193 1 1 1 1 1 1
194 1 1 1 1 1 1 1 1 1
195 1 1 1 1 1 1 1 1 1 1 1
196 1 1 1 1 1 1 1 1 1 1
Section 6: Band scoring of albumin protein polymorphisms by SDS PAGE
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001 0 1 1 1 1 1 1 1 1 1 1 1
002 0 1 1 1 1 1 1 1 1 1 1 1 1
003 0 1 1 1 1 1 1 1 1 1 1 1 1
004 0 1 1 1 1
005 0 1 1 1 1 1 1 1 1 1 1 1
006 0 1 1 1 1 1 1 1 1 1 1 1 1 1
007 0 1 1 1 1 1 1 1 1 1 1 1 1 1
008 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
009 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
010 0 1 1 1 1 1 1 1 1 1 1
011 0 1 1 1 1 1 1 1 1 1 1 1
012 0 1 1 1 1 1 1 1 1 1 1 1 1
013 0 1 1 1 1 1
014 0 1 1 1 1 1 1
015 0 1 1 1 1 1 1
016 0 1 1 1 1
017 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
018 0 1 1 1 1 1 1 1 1 1 1 1 1 1
019 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
020 0 1 1 1 1 1 1 1 1 1 1 1 1 1
021 0 1 1 1 1 1 1 1 1 1 1
022 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
023 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
024 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
025 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
026 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
027 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
028 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
029 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
030 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
031 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
032 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
033 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
034 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
035 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
036 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
037 0 1 1 1 1 1 1 1 1 1 1 1 1 1
038 0 1 1 1 1 1 1 1 1 1 1 1
039 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
040 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
041 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
042 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
043 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
044 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
045 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
046 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
047 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
048 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
049 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
050 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
051 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
052 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
053 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
054 0 1 1 1 1 1 1 1 1 1 1 1 1 1
055 0 1 1 1 1 1 1 1 1 1 1 1 1
056 0 1 1 1 1 1 1 1 1 1 1 1 1
057 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
058 0 1 1 1 1 1 1 1 1 1 1
059 0 1 1 1 1 1 1 1 1 1 1 1
060 0 1 1 1 1 1 1 1 1 1 1 1 1 1
061 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
062 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
063 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
064 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
065 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
066 0 1 1 1 1 1 1 1 1 1 1 1
067 0 1 1 1 1 1 1 1 1 1
068 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
069 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
070 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
071 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Molecular Size (kDa)
072 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
073 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
074 0 1 1 1 1 1 1 1 1 1 1
075 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
076 0 1 1 1 1 1 1 1 1 1 1 1 1
077 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
078 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
079 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
080 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
081 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
082 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
083 0 1 1 1 1 1 1 1 1
084 0 1 1 1 1 1 1 1 1 1 1 1
085 0 1 1 1 1 1 1 1 1 1 1
086 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
087 0 1 1 1 1 1 1 1 1 1 1 1
088 0 1 1 1 1 1 1 1 1 1 1 1
089 0 1 1 1 1 1 1 1 1 1 1
090 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
091 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
092 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
093 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
094 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
095 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
096 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
097 0 1 1 1 1 1 1 1 1 1 1 1 1
098 0 1 1 1 1 1 1 1 1 1 1
099 0 1 1 1 1 1 1 1 1 1 1
100 0 1 1 1 1 1 1 1
101 0 1 1 1 1 1 1 1
102 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
103 0 1 1 1 1 1 1 1 1 1 1 1 1 1
104 0 1 1 1 1 1 1 1 1 1 1 1 1
105 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
106 0 1 1 1 1 1 1 1 1 1 1 1 1
107 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
108 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
109 0 1 1 1 1 1 1 1 1 1 1 1 1 1
110 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
111 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
112 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
113 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
114 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
115 0 1 1 1 1 1 1 1 1 1 1 1 1
116 0 1 1 1 1 1 1 1 1 1 1 1 1
117 0 1 1 1 1 1 1 1 1 1 1 1 1
118 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
119 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
120 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
121 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
122 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
123 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
124 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
125 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
126 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
127 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
128 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
129 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
130 0 1 1 1 1 1 1 1 1 1 1 1 1
131 0 1 1 1 1 1 1 1 1 1 1
132 0 1 1 1 1 1 1 1 1 1 1 1 1 1
133 0 1 1 1 1 1 1 1 1 1 1 1
134 0 1 1 1 1 1 1 1 1 1 1 1 1
135 0 1 1 1 1 1 1 1 1 1 1 1 1
136 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
137 0 1 1 1 1 1 1 1 1 1 1 1
138 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
139 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
140 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
141 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
142 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
143 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
144 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
145 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
146 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
147 0 1 1 1 1 1 1
148 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
149 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
150 0 1 1 1 1 1 1 1 1 1 1 1 1 1
151 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
152 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
153 0 1 1 1 1 1 1 1 1
154 0 1 1 1 1 1 1 1 1
155 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
156 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
157 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
158 0 1 1 1 1 1 1
159 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
160 0 1 1 1 1 1 1 1 1
161 0 1 1 1 1 1 1 1
162 0 1 1 1 1 1 1 1 1 1 1 1 1 1
163 0 1 1 1 1 1 1 1 1 1 1 1 1 1
164 0 1 1 1 1 1 1 1 1 1
165 0 1 1 1 1 1 1 1 1 1 1
166 0 1 1 1 1 1 1 1 1 1 1 1 1 1
167 0 1 1 1 1 1 1 1 1 1 1 1 1 1
168 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
169 0 1 1 1 1 1 1 1 1 1 1 1 1
170 0 1 1 1 1 1 1 1 1 1 1 1
171 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
172 0 1 1 1 1 1 1 1 1
173 0 1 1 1 1 1 1 1 1 1 1 1 1
174 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
175 0 1 1 1 1 1 1 1 1 1 1 1 1 1
176 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
177 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
178 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
179 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
180 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
181 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
182 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
183 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
184 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
185 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
186 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
187 0 1 1 1 1 1 1 1 1 1 1
188 0 1 1 1 1 1 1 1 1 1 1
189 0 1 1 1 1 1 1 1 1 1 1 1 1 1
190 0 1 1 1 1 1 1 1 1 1 1 1 1 1
191 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
192 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
193 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
194 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
195 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
196 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1
1 1 1 1
1 1 1 1
1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
Molecular Size (kDa)
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
Section 7: Band scoring of globulin protein polymorphisms by native PAGE
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001 0 1 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0
002 1 1 0 0 1 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 0 1 0 0 0 1 0
003 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
004 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
005 0 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
006 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0
007 0 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
008 0 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
009 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0
010 0 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
011 0 0 0 0 0 1 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
012 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
013 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
014 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
015 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
016 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
017 0 0 0 0 0 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
018 0 1 0 0 1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
019 0 0 0 0 0 0 0 0 1 0 1 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0
020 0 0 0 0 0 1 0 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
021 0 0 0 0 0 1 0 0 0 1 1 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0
022 0 0 0 0 0 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
023 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
024 0 0 0 0 0 1 0 1 0 1 1 1 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0
025 0 0 0 0 0 1 0 1 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
026 0 0 0 0 0 1 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
027 0 0 0 0 0 1 0 1 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
028 0 0 0 0 0 1 0 1 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0
029 0 0 0 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
030 0 0 0 0 0 1 0 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
031 0 0 0 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
032 0 0 0 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
033 0 0 0 0 0 1 0 1 0 1 1 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0
034 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
035 0 0 0 0 0 1 0 0 0 1 1 1 1 1 1 0 1 0 1 0 0 0 1 0 0 0 0
036 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 1 0 0 1 0 0 0 1 0 0 0 0
037 0 0 0 0 0 0 0 1 0 1 1 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
038 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
039 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
040 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
041 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
042 0 0 0 0 0 1 0 0 1 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
043 0 0 0 0 0 1 0 0 1 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
044 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
045 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
046 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0
047 0 0 0 0 0 1 0 0 1 0 1 0 1 1 1 0 1 0 0 1 0 0 0 0 0 0 0
048 0 0 0 0 0 1 0 0 0 0 1 1 1 0 1 1 1 1 0 0 0 0 1 0 0 0 0
049 0 0 0 0 0 1 0 0 0 0 1 1 0 0 1 1 1 1 0 0 0 0 1 0 0 0 0
050 0 0 0 0 0 1 0 1 0 0 1 0 1 1 1 1 1 1 0 0 0 0 1 0 0 0 0
051 0 0 0 0 0 1 0 1 0 0 1 1 1 1 1 1 0 1 0 0 0 0 1 0 0 0 0
052 0 0 0 0 0 1 0 1 0 0 1 0 1 1 1 1 0 1 0 0 0 0 1 0 0 0 0
053 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
054 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
055 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
056 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
057 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0
058 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
059 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0
060 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 0 1 0 0 0 0 0 0 0 0 1 0
061 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 0
Globulin Bands
062 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0
063 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
064 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0
065 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 0
066 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 1 0
067 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0
068 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
069 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
070 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 1 0 0 0 0 0 0
071 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
072 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 0 0 0
073 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
074 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
075 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 1 0 1 0 1 0 1 0 1
076 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
077 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0
078 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
079 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0
080 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
081 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
082 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 0 0 0 0 0
083 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0
084 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
085 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0
086 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
087 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
088 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0
089 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0
090 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1 1 0 0 0 1 0 0 0 0
091 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
092 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
093 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
094 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
095 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0
096 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
097 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0
098 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0
099 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0
101 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0
102 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 1 0 0 0 0
103 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
104 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0
105 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0
106 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0
107 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0
108 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 1 0 0 0 1 0 0 0 0
109 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 0 0 0 0
110 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 1 0 0 0 1 0 0 0 0
111 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 1 0 0 0 0 0 0 0 0
112 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 0 0 1 0 0 0 0
113 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0
114 0 0 0 0 0 1 0 1 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
115 0 0 0 0 0 1 0 1 0 1 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
116 0 0 0 0 0 1 0 1 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0
117 0 0 0 0 0 1 0 1 0 1 1 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0
118 0 0 0 0 0 1 0 1 0 1 1 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0
119 0 0 0 0 0 1 0 1 0 0 0 1 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0
120 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
121 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0
122 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0
123 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 1 1 0 0 0 1 0 0 0 0
124 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0
125 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0
126 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 0 1 0 0 0
127 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
128 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
129 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 1 1 0 0 0 1 0 0 0 0
130 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 1 0 0 0 1 0 0 0 0
131 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
132 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
133 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
134 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0
135 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 1 0 0 0 0
136 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 1 0 0 0 0
137 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0
138 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0
139 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0
140 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0
141 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 0
142 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0
143 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
144 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
145 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
146 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
147 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
148 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
149 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 1 0 0 1 0 0 0 0 0 0 0 0
150 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0
151 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0
152 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
153 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
154 0 0 0 1 0 1 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
155 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 0
156 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0
157 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0
158 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0
159 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
160 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
161 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0
162 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 1 0 0 0 0 0 0 1 1
163 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0
164 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0
165 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0
166 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 1 0 0 0 1 0
167 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0
168 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0
169 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 0
170 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 0
171 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 1 0 0 0 1 0 0 0 0 1 0
172 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0
173 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0
174 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
175 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 0 0 0 0
176 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 0 0 0 0
177 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0
178 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0
179 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0
180 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0
181 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0
182 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 0
183 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 0
184 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
185 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0
186 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0
187 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0
188 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0
189 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
190 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
191 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 1 1 0 1 0 0 0 0 0 0 0 0
192 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0
193 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 1 0 1 1 0 0 0 0 0 0 0
194 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 1 0 0 1 0 1 0 0 0 0 0
195 0 0 1 0 1 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 0 0 0 0
196 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0
Section 8: Band scoring of globulin protein polymorphisms by SDS PAGE
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001 1 1 1 1 1 1 1 1 1 1 1 1
002 1 1 1 1 1 1 1 1 1
003 1 1 1 1 1 1 1
004 1 1 1 1 1
005 1 1 1 1 1 1 1 1 1
006 1 1 1 1 1 1 1 1 1 1 1
007 1 1 1 1 1 1 1 1 1
008 1 1 1 1 1 1 1 1 1
009 1 1 1 1 1 1 1 1 1 1
010 1 1 1 1 1 1
011 1 1 1 1 1 1 1 1
012 1 1 1 1 1 1 1 1 1 1
013 1 1 1
014 1 1 1 1 1 1 1 1 1 1 1
015 1 1 1 1 1 1 1 1 1 1 1
016 1 1 1 1 1 1
017 1 1 1 1 1 1 1
018 1 1 1 1 1 1 1 1 1
019 1 1 1 1 1 1 1
020 1 1 1 1 1 1 1
021 1 1 1 1 1 1 1
022 1 1 1 1 1 1 1
023 1 1 1 1 1 1 1 1 1 1
024 1 1 1 1 1 1 1
025 1 1 1 1
026 1 1 1 1
027 1 1 1 1
028 1 1 1 1
029 1 1 1 1
030 1 1 1 1 1 1
031 1 1 1 1 1 1
032 1 1 1 1 1 1 1 1 1 1
033 1 1 1 1 1 1 1 1
034 1 1 1 1 1 1 1 1 1
035 1 1 1 1 1 1
036 1 1 1 1 1 1
037 1 1 1 1
038 1 1 1 1 1
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040 1 1
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063 1 1 1 1 1 1
064 1 1 1 1
065 1 1 1 1 1 1 1 1 1 1
066 1 1 1 1
067 1 1 1 1 1 1 1 1
068 1 1 1 1 1 1 1 1
069 1 1 1 1 1 1
070 1 1 1 1 1
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Amylase Polymorphisms Data 
 
Section 1: List of Australian wheat varieties (T. aestivum) used in the analysis of amylase polymorphisms.  Wheat quality 
and agronomic attributes were compiled from the VAWCRC Project Report: Varietal Identity: increasing important for the 
Australian wheat industry (Cornish, G. B., Tonkin, R., Howes, N., Chin, J., Wu, M. and Wrigley, C. W., 2006) and Wheat 
varieties in Australia 1968-2001, (Don Whiting, SA). 
 
Cultivar Hardness Quality Attributes Agronomic Attributes Products Origin Relations Pedigree 
AGT 
Young 
Hard Superior dough strength, 
average yellow colour 
  Pan bread, 
yellow 
alkaline 
noodle 
VIC   Beulah*3/VPM-
1//Silverstar 
Banks 
(1979) 
Hard High test weight and 
milling quality, good flour 
quality and dough 
strength 
Resistant to stripe & stem rust, 
leaf blotch and flag smut.  
Susceptible to rain damage 
and yellow leaf spot 
Bread QLD   PWTH/Condor'S'
//2*Condor 
Barham Soft 
Extensible dough, paste 
viscosity   Cookie VIC Bowie 
Bowie//Bersee/3
*Bindawarra126
937/3/Bowie 
Blade 
(1985) 
Hard Good bread making 
quality, strong and 
extensible dough 
Resistant to stem & stripe rust, 
susceptible to leaf rust, leaf 
blotch and yellow leaf spot 
Bread SA   RAC177/Kite 
Bolac Hard Strong dough property, 
paste viscosity 
  Pan bread, 
yellow 
alkaline 
noodle 
VIC   Nesser/2*VI252 
Bowie 
(1998) 
Soft Strong dough properties Resistant to stem, stripe and 
leaf rust 
Biscuit SA   Amigo/4*Tatiara 
	
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Bullaring Soft Club wheat, high test 
weight, starch pasting 
attributes, moderate 
extensible dough 
  Biscuits, 
cookies 
WA Tincurrin, 
Datatine 
Tincurrin*2//Gam
enya/Iassul(77Z:
893)/3/Datatine 
Cadoux 
(1992) 
Soft  Good colour, good 
texture, noodle quality 
Resistant to leaf rust, 
susceptible to stem and stripe 
rust, leaf blotch, yellow leaf 
spot and black-point 
White salted 
noodle 
WA   Centrifen/2*Gam
enya//Jacup 
Camm 
(1998) 
Hard Excellent dough 
properties, upper level 
yellow pigment 
Resistant to 3 rusts, flag smut 
& black-point, susceptible to 
yellow leaf spot and leaf 
blotch, tolerant to boron 
Multi-purpose 
wheat 
WA Alternative 
to Spear & 
Stiletto 
VPM-
1/5*Cook//4*Spe
ar 
Carinya Hard Strong dough properties, 
good water absorption 
and grain hardness 
  Pan bread, 
yellow 
alkaline 
noodle 
NSW Janz, 
Sunvale 
Janz*4/Sunvale 
Correll Hard High protein, good flour 
pasting and strong 
dough properties 
  Pan bread, 
yellow 
alkaline 
noodle 
SA   Yitpi/RAC875 
Datatine 
(1994) 
Soft Club wheat, high test 
weight and dough 
extensibility 
Resistant to stem & leaf rust, 
susceptible to leaf blotch, 
yellow leaf spot, stripe rust and 
black-point 
Biscuit WA Tincurrin 3Ag3/3*Halberd/
/4*Tincurrin 
Diamond
bird 
(1997) 
Hard Strong dough properties, 
good baking quality, 
good pasting 
characteristics, 
extensibility 
Resistant to stem, stripe and 
leaf rust, leaf blotch, 
susceptible/intolerant to 
disease and boron 
Bread NSW Replace 
Dollarbird 
Vicam//Ciano/Ci
ete 
Cerros/3/Kalyan
sona/Bluebird 
Dollarbird 
(1987) 
Hard High yield, extensibility, 
good baking quality 
Resistant to 3 rusts, 
susceptible to leaf blotch, 
tolerant to acid soils 
  NSW   Wren/Gaboto//K
alyansona/Blueb
ird 
EGA 
Hume 
(2001) 
Hard Dough strength and 
noodle quality, colour 
stability 
Resistant to 3 rusts and 
common root rot.  Susceptible 
to yellow leaf spot, intolerant to 
root lesion 
Pan bread, 
yellow 
alkaline 
noodle, 
fermentable 
breads 
(sponge & 
dough) 
QLD   Batavia*2/Pelsar
t 
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Excalibur 
(1991) 
Hard High yield, flour colour 
problem 
Susceptible to 3 rusts, leaf 
blotch, yellow leaf spot, 
disease.  Resistant to root 
lesion 
  SA   RAC177/Unicul
m492//RAC311S 
Frame 
(1994) 
Hard   Resistant to stripe rust, flag 
smut, disease and boron 
tolerant.  Susceptible to stem& 
leaf rust, leaf blotch, black-
point 
  SA   Molineux/3*Dag
ger 
Glenlea             T-P-P/Sonora-
64//Nainari-
60/3/CB-
100(Mex)/UM-
530 
H45 
(1998) 
Hard  Vitreous, high yield Resistant to stem, stripe & leaf 
rust, flag smut, yellow leaf 
spot, intolerant to root lesion, 
susceptible to leaf blotch 
  NSW Better than 
Hartog 
Ciano67/2*Olym
pic/3/WW80/3*A
NZA//Kalyanson
a/Bluebird 
Janz 
(1989) 
Hard Good milling quality, 
water absorption, dough 
extensibility and baking 
quality 
Resistant to lodging, stem, 
stripe & leaf rust.  Susceptible 
to yellow leaf spot, crown rot 
and common root rot and 
black point.  Intolerant to 
diseases 
  QLD Replace 
Hartog 
3Ag3/4*Condor//
Cook 
Kennedy 
(1998) 
Hard Good test weight, milling 
quality, strong dough 
with good extensibility 
Resistant to 3 rusts and flag 
smut, susceptible to crown rot 
and common root rot and 
black-point.  Prone to LMA 
Steamed 
bread 
QLD   Veery*5/Hartog 
Kewell 
(1977) 
Hard   Resistant to stem & leaf rust, 
flag smut and leaf blotch 
not preferred 
variety 
VIC   peanut oil 
Olympic mutant 
132A/South 
African-184 
P2A.IF.//Olympic 
Kukri 
(1999) 
Hard Good flour yield, stable 
flour colour, low water 
absorption, high dough 
extensibility and 
resistance, long dough 
development time 
Resistant to 3 rusts, 
susceptible to disease, yellow 
leaf spot, flag smut and bunt.  
Intolerant to boron. 
Yellow 
alkaline 
noodle, 
blending, 
aquaculture 
and froze 
dough 
SA   RAC549//76ECN
44/76ECN36 
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Lang 
(2000) 
Hard  Good flour yield, colour 
stability, water 
absorption 
Resistant to 3 rusts, crown rot, 
common root rot & black-point.  
Susceptible to yellow leaf spot 
Alkaline 
noodle, 
steam and 
dough bread 
QLD Higher 
yield than 
Sunco & 
Janz 
QT3765/Sunco 
(QT3765 = 
3Ag3/4*Condor//
Cook = Janz) 
Meering 
(1984) 
Hard  Yield and grain hardness 
quality, good baking 
performance 
Resistant to stripe rust and 
flag smut.  Susceptible to leaf 
& stem rust and disease, 
yellow leaf spot 
  VIC   Condor selection 
WW80/2*WW15 
(same as 
Condor) 
AO1983             VK306/SM1028 
QAL-2000 Soft       QLD   Tincurrin*4/3Lan
ce*2//Condor*4/
3Ag14/Tatiara*3/
/Cook*5/VPM1 
QAL-BIS Soft Low water absorption 
and weak dough 
properties 
  Biscuits QLD   Tincurrin*4/3Lan
ce*2//Condor*4/
3Ag14/Tatiara*3/
/Cook*5/VPM1 
Rosella 
(1985) 
Soft Extensibilty, test weight Resistant to stem & stripe rust, 
susceptible to disease, leaf 
rust & flag smut, intolerant to 
boron 
Specialty 
wheat for 
some types 
of noodles 
NSW   Farro 
Lunga/Heron//2*
Condor/3/Quarri
on 'S' 
SM1028             Sunmist/Meering 
Spica             Three-
Seas/Kambouric
o//PUSA-4/Flora 
Sunbri 
(1990) 
Hard Milling quality, dough 
strength and extensibility 
equal to Sunco & 
superior to Hartog 
Resistant to 3 rusts and flag 
smut, susceptible to yellow 
leaf spot and leaf blotch 
  NSW Sunco, 
Hartog 
Cook*2/VPM-
1//3*Cook 
Sunco 
(1986) 
Hard Strong dough properties Resistant to 3 rusts and flag 
smut, disease resistant, 
tolerant to crown rot 
  NSW Alternative 
to Cook 
Sun 9E-
27*4/3Ag14//W
W15/3/3*Cook 
Sunlin 
(1996) 
Hard Good test weight, milling 
quality and strong, 
balanced dough 
Resistant to 3 rusts, crown rot 
and common root rot and 
weather damage, susceptible 
to yellow leaf spot and disease 
Excellent for 
bread baking 
NSW replace 
Kite/Sunelg 
Sunelg*2//3*Sun
eca/VPM1 
Sunmist 
(1992) 
Hard  Strong dough, HMWGS Resistant to 3 rusts and flag 
smut.  Susceptible to yellow 
leaf spot and disease 
  NSW   Miskle selection 
(Cook//Sun 
27B/Dougga) 
Sunvale Hard  High test weight, flour Resistant to 3 rusts, flag smut,   NSW   Cook*2/VPM-
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(1994) yield, protein content, 
water absorption, dough 
strength & extensibility 
susceptible to yellow leaf spot 
and leaf blotch, cyst nematode 
1//3*Cook 
Sunzell Hard Balanced dough 
characteristics, larger 
kernel size 
  Pan bread NSW   Sunbrook*3/Sun
state 
Tammin 
(1994) 
Soft Low a-amylase, good 
FN, fair milling quality, 
less extensibility 
Resistant to stripe rust, 
susceptible to yellow leaf spot, 
flag smut and leaf blotch, stem 
rust, leaf rust and black-point 
  WA   Bodallin/Eradu'S'
/XBVT223/3/Atla
s66/2*Madden 
(XBVT223 = 
Chile1B//Insignia
/Falcon 
Thornbill 
(2000) 
Soft Weaker dough, good 
starch pasting properties 
Resistant to 3 rusts, 
susceptible to flag smut, 
yellow yeat spot and leaf 
blotch 
Biscuit NSW   Lr2,SrX/2*Shorti
m//3*Cook/3/3*M
3087 (M3087 = 
Farro 
Lunga/Heron/2*
Condor/TA3PNB
3P/WWeeQ/Con
dor*2/WW38) 
Tincurrin 
(1977) 
Soft Weak but more 
extensible dough, low 
water absorption 
Susceptible to 3 rusts, leaf 
blotch, and yellow leaf spot, 
resistant to flag smut 
Biscuits and 
cookies 
WA   Gluclub/3/Chile 
1B//Insignia/Falc
on 
Trident 
(1993) 
Hard Poor milling yield and 
extensibility 
Resistant to 3 rusts, 
susceptible to yellow leaf spot 
and leaf blotch, tolerant to 
boron 
  SA   VPM-
1/5*Cook//4*Spe
ar 
Triller 
(1994) 
Soft High protein and yield, 
good dough strength 
and extensibility 
Resistant to 3 rusts, 
susceptible to leaf blotch and 
disease, prone to LMA 
Biscuit NSW   Warbler/3/Cleo/I
nia(Q601-
68)//Quarrion 
Ventura Hard High pasting properties, 
strong but inextensible 
dough, low water 
absorption 
    NSW   Sunvale/Rowan 
VK306               
Vulcan 
(1985) 
Hard Good milling quality, 
weak dough properties 
Resistant to stem & stripe rust, 
flag smut.  Susceptible to leaf 
rust and leaf blotch 
  NSW   Condor/Pitic 
62//Condor'S' 
Westonia 
(1997) 
Hard High yield, good dough 
strength and baking 
Resistant to 3 rusts and yellow 
leaf spot, flag smut, 
Steamed 
bread 
WA   Spica.Timgalen.
Tosca/Cranbroo
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quality, excellent 
extensibility 
susceptiblet o leaf blotch k..2*Jacup.Bobw
hite 
Wyuna 
(1984) 
Soft Low protein content, 
weak but extensible 
dough properties 
Susceptible to 3 rusts and cyst 
nematode, resistant to yellow 
leaf spot, tolerant to boron 
Biscuit VIC   DX3-
134/Olympic 
Yanac  
(1996) 
Hard Average quality 
parameters 
Resistant to 3 rusts, flag smut 
and leaf blotch, susceptible to 
yellow leaf spot and disease 
White salted 
and other 
noodle types 
VIC   Jabiru/M5392-
1//M5392/3/Coo
k 
Yenda Soft Flour yield, high pasting 
viscosity attributes, low 
extensibility 
  Cookie VIC Wyuna, 
Bowie 
Bindawarra/Bowi
e//3Ag3/Wyuna 
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Section 2: Band scoring of amylase polymorphisms by native PAGE zymogram 
 
Zymogram Bands 
ID B
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 1
1
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001 0 0 0 0 0 0 1 0 0 0 0 0 
002 0 0 0 0 0 0 1 0 0 0 0 0 
003 0 0 0 0 0 0 1 0 0 0 0 0 
004 0 0 0 0 0 0 0 1 0 1 1 0 
005 0 0 0 0 0 0 1 0 0 0 1 0 
006 0 0 0 0 0 0 1 0 0 0 0 0 
007 0 0 0 0 0 0 1 0 0 0 0 0 
008 0 0 0 0 0 0 1 0 0 0 0 0 
009 0 0 0 0 0 0 1 0 0 0 0 0 
010 0 0 0 0 0 0 1 0 0 0 0 0 
011 0 0 0 0 0 0 1 0 0 0 0 0 
012 0 0 0 0 0 0 1 0 0 0 0 0 
013 0 0 0 0 0 1 1 1 1 1 0 0 
014 0 0 0 0 0 1 1 1 1 1 0 0 
015 0 0 0 0 0 1 1 1 1 1 0 0 
016 0 0 0 0 0 0 0 1 0 1 1 0 
017 1 1 0 0 1 0 1 1 1 1 0 0 
018 0 0 1 1 0 1 1 0 1 1 1 0 
019 0 0 0 0 0 0 1 1 0 0 0 0 
020 0 0 1 1 0 1 1 0 0 0 0 0 
021 0 0 0 1 0 1 1 0 0 0 0 0 
022 0 0 1 1 0 1 1 0 0 0 0 0 
023 0 0 1 1 0 1 1 0 0 0 0 0 
024 0 0 0 0 0 1 0 0 0 0 0 0 
025 0 0 0 0 0 0 1 0 0 0 0 0 
026 0 0 0 0 0 0 1 0 0 0 0 0 
027 0 0 0 0 0 0 1 0 0 0 0 0 
028 0 0 0 0 0 0 1 0 0 0 0 0 
029 0 0 0 0 0 0 1 0 0 0 0 0 
030 0 0 0 0 0 0 1 0 0 0 0 0 
031 0 0 0 0 0 0 1 0 0 0 0 0 
032 0 0 0 0 0 0 1 1 0 0 0 0 
033 0 0 0 0 0 0 1 1 0 0 0 0 
034 0 0 0 0 0 0 1 1 0 0 0 0 
035 0 0 0 0 0 0 0 0 1 1 0 0 
036 0 0 0 0 0 0 0 0 1 1 0 0 
037 0 0 0 0 0 0 0 0 1 1 0 0 
038 0 0 0 0 0 0 0 0 1 1 0 0 
039 0 0 0 0 0 1 0 0 0 1 1 0 
040 0 0 0 0 0 1 0 0 0 1 1 0 
041 0 0 0 0 0 1 0 0 0 1 1 0 
042 0 0 0 0 0 1 1 0 0 1 1 0 
043 0 0 0 0 0 1 0 0 0 1 1 0 
044 0 0 0 0 0 0 1 0 0 0 0 0 
045 0 0 0 0 0 0 1 0 0 0 0 0 
046 0 0 0 0 0 0 1 0 0 0 0 0 
047 0 0 0 0 0 0 1 0 0 0 0 0 
048 0 0 0 0 0 0 1 0 0 0 0 0 
049 0 0 0 0 0 0 1 0 0 0 0 0 
050 0 0 0 0 0 0 1 0 0 0 0 0 
051 0 0 0 0 0 0 1 0 0 0 0 0 
052 0 0 0 0 0 0 1 0 0 0 0 0 
053 0 0 0 0 0 0 1 0 0 0 0 0 
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054 0 0 0 0 0 0 1 1 0 0 0 0 
055 0 0 0 0 0 0 1 1 0 0 0 0 
056 0 0 0 0 0 0 1 1 0 0 0 0 
057 0 0 0 0 0 0 1 1 0 0 0 0 
058 0 0 0 0 0 0 1 1 0 0 0 0 
059 0 0 0 0 0 1 1 1 1 1 0 0 
060 0 0 0 0 0 0 1 1 0 0 0 0 
061 0 0 0 0 0 0 1 1 0 0 0 0 
062 0 0 0 0 0 0 1 1 0 0 0 0 
063 0 0 0 0 0 0 1 1 0 0 0 0 
064 0 0 0 0 0 0 1 1 0 0 0 0 
065 0 0 0 0 0 0 1 1 0 0 0 0 
066 0 0 0 0 0 0 1 1 0 0 0 0 
067 0 0 0 0 0 0 1 1 0 0 0 0 
068 0 0 0 0 0 0 1 1 0 0 0 0 
069 0 0 0 0 0 0 1 1 0 0 0 0 
070 0 0 0 0 0 0 1 0 0 0 0 0 
071 0 0 0 0 0 0 0 0 1 1 0 0 
072 0 0 0 0 0 0 1 0 0 0 0 0 
073 0 0 0 0 0 0 1 1 0 0 0 0 
074 0 0 0 0 0 1 1 1 0 0 0 0 
075 0 0 0 0 0 0 1 1 0 0 0 0 
076 0 0 0 0 0 0 1 1 0 0 0 0 
077 0 0 0 0 0 0 1 1 0 0 0 0 
078 0 0 0 0 0 0 1 1 1 1 0 0 
079 0 0 0 0 0 0 1 1 0 0 0 0 
080 0 0 0 0 0 0 1 1 0 0 0 0 
081 0 0 0 0 0 0 1 1 0 0 0 0 
082 0 0 0 0 0 0 1 1 0 0 0 0 
083 0 0 0 0 0 0 1 1 0 0 0 0 
084 0 0 0 0 0 1 1 1 1 1 0 0 
085 0 0 0 0 0 0 0 1 0 0 0 0 
086 0 0 0 0 0 0 1 1 0 0 0 0 
087 0 0 0 0 0 0 1 1 0 0 0 0 
088 0 0 0 0 0 0 1 1 0 0 0 0 
089 0 0 0 0 0 0 1 1 0 0 0 0 
090 0 0 0 0 0 0 1 0 0 0 0 0 
091 0 0 0 0 0 0 1 0 0 0 0 0 
092 0 0 0 0 0 0 1 0 0 0 0 0 
093 0 0 0 0 0 0 1 0 0 0 0 0 
094 0 0 0 0 0 0 1 0 0 0 0 0 
095 0 0 0 0 0 1 1 1 0 0 0 0 
096 0 0 0 0 0 0 1 1 0 0 0 0 
097 0 0 0 0 0 1 1 1 0 0 0 0 
098 0 0 0 0 0 0 1 1 0 0 0 0 
099 0 0 0 0 0 0 1 1 0 0 0 0 
100 0 0 0 0 0 0 1 1 0 0 0 0 
101 0 0 0 0 0 0 1 1 0 0 0 0 
102 0 0 0 0 0 0 1 1 0 0 0 0 
103 0 0 0 0 0 0 1 1 0 0 0 0 
104 0 0 0 0 0 0 1 1 0 0 0 0 
105 0 0 0 0 0 0 1 1 0 0 0 0 
106 0 0 0 0 0 0 1 1 0 0 0 0 
107 0 0 0 0 0 0 1 1 1 1 0 0 
108 0 0 0 0 0 0 1 0 0 0 0 0 
109 0 0 0 0 0 0 1 1 0 1 0 0 
110 0 0 0 0 0 1 1 1 0 0 0 0 
111 0 0 0 0 0 0 1 1 0 0 0 1 
112 0 0 0 0 0 1 0 1 1 1 0 0 
113 0 0 0 0 0 1 0 0 1 1 0 0 
114 0 0 0 0 0 0 1 1 0 0 0 0 
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115 0 0 0 0 0 0 1 1 1 1 0 0 
116 0 0 0 0 0 0 1 1 0 0 0 0 
117 0 0 0 0 0 0 1 1 0 0 0 0 
118 0 0 0 0 0 0 1 1 0 0 0 0 
119 0 0 0 0 0 0 1 1 0 0 0 0 
120 0 0 0 0 0 0 1 1 0 0 0 0 
121 0 0 0 0 0 0 1 1 0 0 0 0 
122 0 0 0 0 0 0 1 1 1 1 0 0 
123 0 0 0 0 0 0 1 1 1 1 0 0 
124 0 0 0 0 0 0 1 1 1 1 0 0 
125 0 0 0 0 0 0 1 1 0 1 1 0 
126 0 0 0 0 0 0 1 1 0 0 0 0 
127 0 0 0 0 0 1 1 1 0 0 0 0 
128 0 0 0 0 0 0 1 1 0 0 0 0 
129 0 0 0 0 0 0 1 1 0 0 0 0 
130 0 0 0 0 0 0 1 1 0 0 0 0 
131 0 0 0 0 0 0 1 1 0 0 0 0 
132 0 0 0 0 0 0 1 1 0 0 0 0 
133 0 0 0 0 0 0 1 1 0 0 0 0 
134 0 0 0 0 0 0 1 1 1 1 0 0 
135 0 0 0 0 0 1 1 1 1 1 0 0 
136 0 0 0 0 0 1 1 1 0 0 0 0 
137 0 0 0 0 0 0 1 1 0 0 0 0 
138 0 0 0 0 0 1 1 1 0 0 0 0 
139 0 0 0 0 0 1 1 1 0 0 0 0 
140 0 0 0 0 0 1 1 1 0 0 0 0 
141 0 0 0 0 0 1 1 1 0 0 0 0 
142 0 0 0 0 0 1 1 1 0 0 0 0 
143 0 0 0 0 0 1 1 1 1 1 0 0 
144 0 0 0 0 0 1 1 1 0 0 0 0 
145 0 0 0 0 0 1 1 1 0 0 0 0 
146 0 0 0 0 0 1 1 1 0 0 0 0 
147 0 0 0 0 0 1 1 1 0 0 0 0 
148 0 0 0 0 0 1 1 0 0 0 0 0 
149 0 0 0 0 0 1 1 1 0 0 0 0 
150 0 0 0 0 0 1 1 1 0 0 0 0 
151 0 0 0 0 0 1 1 1 0 0 0 0 
152 0 0 0 0 0 1 1 1 0 0 0 0 
153 0 0 0 0 0 0 1 1 1 1 0 0 
154 0 0 0 0 0 0 1 1 1 1 0 0 
155 0 0 0 0 0 1 1 1 0 0 0 0 
156 0 0 0 0 0 1 1 1 0 0 0 0 
157 0 0 0 0 0 1 1 1 0 0 0 0 
158 0 0 0 0 0 1 1 1 1 1 0 0 
159 0 0 0 0 0 1 1 1 0 0 0 0 
160 0 0 0 0 0 1 1 1 0 0 0 0 
161 0 0 0 0 0 0 0 0 1 1 0 0 
162 0 0 0 0 0 1 1 0 1 1 0 0 
163 0 0 0 0 0 1 1 0 1 1 0 0 
164 0 0 0 0 0 0 1 0 0 0 0 0 
165 0 0 0 0 0 1 1 0 0 0 0 0 
166 0 0 0 0 0 1 1 0 1 1 0 0 
167 0 0 0 0 0 1 1 0 1 1 0 0 
168 0 0 0 0 0 0 1 1 0 0 0 0 
169 0 0 0 0 0 0 1 1 0 0 0 0 
170 0 0 0 0 0 0 0 0 1 1 0 0 
171 0 0 0 0 0 0 1 1 0 0 0 0 
172 0 0 0 0 0 0 0 0 1 1 0 0 
173 0 0 0 0 0 0 1 1 0 0 0 0 
174 0 0 0 0 0 0 1 1 0 0 0 0 
175 0 0 0 0 0 0 1 1 0 0 0 0 
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176 0 0 0 0 0 0 1 0 0 0 0 0 
177 0 0 0 0 0 0 1 0 0 0 0 0 
178 0 0 0 0 0 0 1 0 0 0 0 0 
179 0 0 0 0 0 0 1 0 0 0 0 0 
180 0 0 0 0 0 0 1 0 0 0 0 0 
181 0 0 0 0 0 1 1 1 0 0 0 0 
182 0 0 0 0 0 0 1 1 1 1 0 0 
183 0 0 0 0 0 0 1 1 0 0 0 0 
184 0 0 0 0 0 0 1 1 0 0 0 0 
185 0 0 0 0 0 0 1 1 0 0 0 0 
186 0 0 0 0 0 0 1 1 0 0 0 0 
187 0 0 0 0 0 0 1 1 0 0 0 0 
188 0 0 0 0 0 0 1 1 0 0 0 0 
189 0 0 0 0 0 0 1 1 0 0 0 0 
190 0 0 0 0 0 0 1 1 0 0 0 0 
191 0 0 0 0 0 0 1 0 0 0 0 0 
192 0 0 0 0 0 0 1 0 0 0 0 0 
193 0 0 0 0 0 0 0 0 1 1 0 0 
194 0 0 0 0 0 0 1 1 0 0 0 0 
195 0 0 0 0 0 0 1 1 0 0 0 0 
196 0 0 0 0 0 0 1 1 1 1 0 0 
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Section 3: The Australian wheat germplasm pedigree map was constructed based on the Wheat Pedigree Online website 
(http://genbank.vurv.cz/wheat/pedigree/pedigree.aspz). 
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Section 4: Summary of published IEF methodologies for the separation of wheat α-amylases. 
No. 
Bands 
IEF pH 
Range 
IEF Conditions References 
8 3.5 – 9.5 20 mM Tris-maleate pH 6.2, 1 
mM CaCl2; 20 L protein loading 
Garcia-Maya et al., 
1990 
11 3.5 – 9.5 25 mM imidazole-HCl pH 7.4, 0.1 
mM CaCl2; 10-80 L protein 
loading 
MacGregor et al., 
1988 
13 4.0 – 8.0 50 mM Tris-HCl pH 7.0 Belay & Furuta, 
2001 
14 4.5 – 7.0 10 mM calcium acetate, 10 mM 
sodium chloride 
Sargeant, 1979 
15 5.0 – 8.0 50 mM Tris-HCl pH 8.5 Nishikawa & 
Nobuhara, 1971 
16 5.0 – 8.5 
6.0 – 6.5 
10 mM sodium acetate pH 4.8, 10 
mM CaCl2; 20-60 L protein 
loading 
Gale & Ainsworth, 
1984 
16 3.0 – 10.0 20 mM sodium acetate pH 5.5,  
1 mM CaCl2 
Verity et al., 1999 
18 4.5 – 8.0 50 mM Tris-HCl pH 5.5, 10 mM 
CaCl2; 100 L protein loading 
Hader et al., 2003 
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Section 5: Published wheat varieties with known phenotype and genotype for LMA. 
Cultivar Phenotype/Genotype LMA Origin References 
Hartog Semi-dwarf (Rht2) Non-LMA Australia (Tan, 2004) 
Maringa Semi-dwarf (Rht1) Non-LMA Brazil (Mrva and Mares, 1996) 
Seri Semi-dwarf (Rht1) LMA Mexico (Tan, 2004) 
Cranbrook Semi-dwarf (Rht1) LMA-prone Australia (Mrva and Mares, 2001b) 
Halberd Tall (rht) Non-LMA Australia (Mrva and Mares, 2001b) 
Spica Tall (rht) LMA Australia (Mares and Gale, 1990; Mrva and Mares, 1996) 
Lerma 52 Tall (rht) LMA Mexico (Mares and Gale, 1990) 
Krichauff Semi-dwarf (Rht1) Non-LMA Australia (Mrva et al., 2008) 
Suneca Semi-dwarf (Rht2) LMA-prone Australia (Mrva et al., 2008) 
Kennedy Semi-dwarf (Rht1) LMA-prone  (Mrva et al., 2008) 
Super Seri Semi-dwarf (Rht1) LMA-prone  (Mrva et al., 2008) 
ChuanMai18 Semi-dwarf (Rht8) LMA  (Mrva et al., 2008) 
Reeves Intermediate LMA  (Mrva et al., 2008) 
BD159 Semi-dwarf (Rht1) LMA-prone Australia (Mares et al., 1994; Mrva et al., 2008) 
Janz  Non-LMA Australia (Mrva and Mares, 2001a) 
IW113  LMA Australia (Mrva and Mares, 2001a) 
Cleo-Inia  LMA Australia (Mrva and Mares, 2001a) 
RAC655  LMA Australia (Mrva and Mares, 2001a) 
Meering  Non-LMA Australia (Mares et al., 1994) 
Sunco Semi-dwarf (Rht1) Non-LMA Australia (Mrva et al., 2009) 
 
Mares, D. J., and Gale, M. D. (1990). Control of α-amylase synthesis in wheat grains. In "Fifth International 
Symposium on Pre-Harvest Sprouting in Cereals" (K. Ringlund, E. Mosleth and D. J. Mares, eds.), pp. 183-
194. Westview Press, USA. 
Mares, D. J., Mrva, K., and Panozzo, J. F. (1994). Characterisation of the high α-amylase levels in grain of the 
wheat cultivar, BD159. Australian Journal of Agricultural Research 45, 1003–1011. 
Mrva, K., Cheong, J., Yu, B., Law, H., and Mares, D. (2009). Late maturity α-amylase in synthetic hexaploid wheat. 
Euphytica 168, 403-411. 
Mrva, K., and Mares, D., J. (1996). Expression of late maturity α-amylase in wheat containing gibberellic acid 
insensitivity genes. Euphytica V88, 69-76. 
Mrva, K., and Mares, D. J. (2001a). Induction of late maturity α-amylase in wheat by cool temperature. Australian 
Journal of Agricultural Research 52, 477-484. 
Mrva, K., and Mares, D. J. (2001b). Quantitative trait locus analysis of late maturity α-amylase in wheat using the 
doubled happloid population Cranbrook x Halberd. Australian Journal of Agricultural Research 52, 1267-
1273. 
Mrva, K., Mares, D. J., and Cheong, J. (2008). Genetic mechanisms involved in late maturity α-amylase in wheat. In 
"The 11th International Wheat Genetics Symposium" (R. Appels, R. Eastwood, E. Lagudah, P. Langridge 
and M. Mackay, eds.). Sydney University Press, The University of Sydney. 
Tan, M. K. (2004). "Molecular marker development for LMA determinant in Spica and Cranbrook." Value Added 
Wheat CRC. 
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Section 6: Timeline for collection of grain samples for the analysis of amylase 
expressions during the grain cycle.  Mature grains were collected prior to sowing 
(Sample 1), samples from germination (Sample 2), green grains (Sample 3), prior to 
cold temperature induction (Sample 4), post-induction (Sample 5) and ripe grains 
(Sample 6) were also collected for the analysis. 
 
6 replicates of wheat cultivars 
Sunco, Spica and Kennedy were 
sown at EMAI.
Spikes were tagged at 
anthesis (day 0)
Sample 3 was collected 
at day 15
Sample 4 was collected at day 
26 - prior to cold (10°C) 
temperature shock induction
Sample 5 was collected 
at day 36 (10 days post 
induction)
Sample 6 was collected at 
day 46 (ripe grain)
Sample 1 mature 
grain was collected 
prior to sowing
Tillering Flowering
Grain FillingGrain DryingGrain Maturation
Sample 2 was 
collected at 96h 
germination
Mature Grain
Germination Green Grain
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Section 7: Band scoring of amylase polymorphisms by IEF zymogram. 
α- and β-amylase bands 
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 
AGT Young 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 
Banks 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 
Barham 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 
Blade 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
Bolac 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Bowie 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
Bullaring 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 
Cadoux 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Carinya 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 
Correll 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Datatine 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 
Diamondbird 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
Dollarbird 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
EGA Hume 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 
Excalibur 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
Frame 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
H45 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Janz 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Kennedy 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 0 
Kukri 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
Lang 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 
Meering 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
OA1983 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
QAL-2000 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
QAL-Bis 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Rosella 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
SM1028 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Spica 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 0 
Sunco 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 
Sunlin 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
Sunmist 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Sunzell 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Tammin 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
Thornbill 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Tincurrin 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 
Triller 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 
Ventura 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
VK306 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Vulcan 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
Westonia 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 0 0 
Yanac 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Yenda 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 
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 α-amylase bands 
 
α1 α2 α3 α4 α5 α7 α8 α10 α11 α12 α13 α14 α14
-1
 α15 α15
-1
 α16 α17 α17
-1
 α18 α19 
AGT Young 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 
Banks 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 0 1 0 
Barham 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 0 0 
Blade 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 0 1 0 1 1 
Bolac 1 0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 0 1 1 
Bowie 0 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 1 0 1 0 
Bullaring 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 0 0 
Cadoux 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Carinya 1 0 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Correll 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 0 1 0 
Datatine 1 1 1 1 0 0 0 0 1 1 1 1 0 1 0 1 1 0 1 0 
Diamondbird 0 0 1 1 0 0 0 1 1 1 1 1 0 1 0 0 1 0 1 1 
Dollarbird 1 0 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 0 1 0 
EGA Hume 1 0 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 0 1 0 
Excalibur 1 0 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 0 1 1 
Frame 1 0 1 1 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 
H45 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 1 1 0 1 0 
Janz 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 1 1 0 1 0 
Kennedy 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Kukri 0 0 0 0 0 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 
Lang 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 
Meering 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 
OA1983 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
QAL-2000 1 1 1 1 1 0 0 0 1 1 1 1 0 1 0 1 1 0 1 0 
QAL-Bis 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Rosella 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
SM1028 1 1 1 1 0 0 0 0 1 1 1 1 0 1 0 1 1 0 1 0 
Spica 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 0 1 1 
Sunco 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 
Sunlin 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Sunmist 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 
Sunzell 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 
Tammin 0 0 0 0 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Thornbill 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 
Tincurrin 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 1 1 0 0 0 
Triller 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 0 0 0 0 0 
Ventura 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 
VK306 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Vulcan 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 
Westonia 1 0 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
Yanac 0 0 1 1 0 0 0 0 1 1 1 1 0 1 0 0 1 0 1 1 
Yenda 1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 0 1 0 
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β-amylase bands 
β1 β2 β3 β4 β5 β6 β7 β8 β9 β10 β10
-1
 β11 β12 β13 β14 β14
-1
 β15 β15
-1
 β16 β17 β18 β19 
AGT Young 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
AO1983 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 1 0 1 0 0 0 
Banks 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 0 1 1 1 1 0 0 
Barham 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
Blade 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 
Bolac 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 
Bowie 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
Bullaring 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
Cadoux 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 1 0 0 
Carinya 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 
Correll 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 0 
Datatine 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 1 0 0 
Diamondbird 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 0 
Dollarbird 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 
EGA Hume 1 1 1 1 1 1 1 0 1 1 0 1 1 1 0 0 1 1 1 1 0 0 
Excalibur 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 0 1 0 1 1 0 0 
Frame 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 
H45 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 0 
Janz 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 0 1 0 1 1 0 0 
Kennedy 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 0 
Kukri 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0 1 0 1 1 0 0 
Lang 1 1 1 1 1 1 1 0 1 1 0 1 1 1 0 0 1 1 1 1 1 0 
Meering 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 0 
QAL-2000 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 1 0 0 
QAL-Bis 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 0 0 
Rosella 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
SM1028 1 0 1 1 0 1 1 1 1 1 0 1 1 1 1 0 1 0 1 1 1 0 
Spica 1 0 1 1 0 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 1 1 
Sunco 1 0 1 1 0 1 1 1 1 1 0 1 1 1 1 0 1 0 1 0 0 0 
Sunlin 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 0 0 
Sunmist 1 1 1 1 1 1 1 0 1 1 0 1 1 1 0 0 1 1 1 1 0 0 
Sunzell 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 0 0 0 
Tammin 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 0 0 0 
Thornbill 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 1 0 0 
Tincurrin 1 1 1 1 1 1 1 0 0 1 0 1 1 1 1 0 0 0 0 0 0 0 
Triller 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
Ventura 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 0 0 
VK306 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 0 1 0 1 1 0 0 
Vulcan 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0 1 1 1 1 0 0 
Westonia 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 0 0 
Yanac 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 0 
Yenda 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
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List of GOS Cohort Identity 
 
Identification number of blood samples from randomly selected individuals obtained from the 
Geelong Osteoporosis Study (GOS), Victoria.  The GOS age-stratified cohorts of men (blue) 
and women (red) were randomly selected from the electoral rolls of the Barwon Statistical 
Division. 
 
Box No. ID No. 
1 2102885 
5 2106014 
6 1103249 
7 1101867 
8 1103466 
9 1106066 
10 1100350 
11 1103617 
12 1101139 
13 1102986 
14 1104468 
15 1103299 
16 2170161 
17 1102815 
18 1106570 
19 1104263 
20 1100941 
21 1102594 
22 1102218 
23 1106749 
24 2160007 
25 1100851 
26 1108175 
27 1106446 
28 1102214 
29 1103003 
30 1102578 
31 1102757 
32 2160011 
33 1103075 
34 1106823 
35 1100425 
36 1104699 
37 1107546 
38 1101394 
39 1102800 
40 1101661 
41 1100159 
42 1101494 
43 1108021 
44 1102175 
45 1107452 
46 1104469 
47 1104522 
48 2170100 
49 1102592 
50 1103460 
51 1106311 
52 1105710 
53 1100012 
54 1102079 
55 2106032 
56 1102912 
57 1102152 
58 1102792 
59 1102222 
60 1102720 
61 1101949 
62 1100174 
63 1103479 
64 1106100 
65 1101099 
66 1103705 
67 1103171 
68 1102421 
69 1102915 
70 1101789 
71 1106452 
72 1105190 
73 1100959 
74 1101554 
75 2165040 
76 1102857 
77 1102012 
78 1102838 
79 1102510 
80 2165039 
81 1102422 
82 1107236 
83 1100060 
84 1104497 
85 1100590 
86 1101427 
87 1103447 
88 1101263 
89 1100015 
90 2107024 
91 1102349 
92 1101497 
93 1107531 
94 1100292 
95 1102100 
96 2165022 
97 1108712 
98 1107272 
100 1104404 
101 1105427 
102 1105363 
103 1100738 
104 1105576 
105 1103614 
106 1108319 
107 1108157 
108 1100111 
109 1100269 
110 1106212 
111 1100605 
112 1100003 
113 1108696 
114 1105312 
115 1102090 
116 2120258 
117 2100130 
118 2170212 
119 1100700 
120 1105574 
121 1102327 
122 1104084 
123 1100185 
124 1100215 
125 1105332 
126 1108717 
127 2160002 
128 1101217 
129 1103319 
130 1103060 
131 1101487 
	
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132 1101517 
133 1103346 
134 1103972 
135 1103542 
136 1103690 
137 2140003 
138 1100214 
139 1102649 
140 2104251 
141 1100207 
142 2104929 
143 1100162 
144 1100319 
145 2170116 
146 2102171 
147 1105113 
148 2105456 
149 1100140 
150 2100995 
151 2103106 
152 2165008 
153 2170086 
154 2105555 
155 2101879 
156 2103496 
157 1101937 
158 2104446 
159 2180339 
160 1100673 
161 1104843 
162 1101480 
163 2106159 
164 1104149 
165 1100517 
166 1103602 
167 1107684 
168 1101559 
169 2180346 
170 2170210 
171 1101942 
172 2102865 
173 2170044 
174 1102197 
175 1105160 
176 1101587 
177 1108707 
178 2170228 
179 1100045 
180 1108721 
181 2170104 
182 1103576 
183 1103727 
184 2105080 
185 1108186 
186 2103516 
187 2103871 
188 2170117 
189 2170078 
190 2106075 
191 2106729 
192 2102768 
193 2160014 
194 2103420 
195 2106465 
196 2103365 
197 2165010 
198 2105693 
199 1101822 
200 2107103 
201 2104284 
202 2170195 
203 2160008 
204 1108170 
205 2170058 
206 2170157 
207 1107443 
208 2103089 
209 2170124 
210 2101132 
211 2107159 
212 2100794 
213 2170219 
214 1101633 
215 2104669 
216 1102951 
217 1100677 
218 1102429 
219 1102783 
220 1103000 
221 1100522 
222 1100721 
223 1100778 
224 1103992 
225 1108680 
226 2160003 
227 2180349 
228 2170024 
229 2135074 
230 2102166 
231 2100938 
232 2103904 
233 1103550 
234 2104396 
235 2103724 
236 1100353 
237 2102393 
238 2102639 
239 2105821 
240 1101650 
241 2180193 
242 1103943 
243 2106272 
244 2104123 
245 2100018 
246 1103890 
247 2180165 
248 2160010 
249 2170001 
250 2106592 
251 2106088 
252 2165021 
253 2105290 
254 2105965 
255 2170039 
256 2101965 
257 2100747 
258 2101850 
259 2107050 
260 2102579 
261 2107234 
262 1104626 
263 2165013 
264 2101771 
265 2165045 
266 1104073 
268 2180042 
269 2102513 
270 2103562 
271 2165033 
272 2104309 
273 1101378 
274 2103096 
275 2104104 
276 1106330 
277 1104042 
278 2106175 
279 2104735 
280 2102356 
281 2135029 
282 2104898 
283 2102295 
284 2105792 
285 2103434 
286 2106894 
287 1100135 
288 1107189 
289 1100300 
290 2106007 
291 2155015 
292 2105625 
293 2100048 
294 1104906 
295 2101464 
296 2100286 
297 2155012 
298 2102129 
299 2106620 
300 2104813 
301 2100563 
302 2104359 
303 2103563 
304 1108106 
305 1100927 
306 2105380 
307 2101092 
308 2170154 
309 2170177 
310 2101466 
311 2102882 
312 2103556 
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313 2170097 
314 1102223 
315 1101749 
316 1105371 
317 1100087 
318 1102734 
319 2104227 
320 2155004 
321 2104052 
322 1108280 
323 2106193 
324 2140038 
325 1102022 
326 1100063 
327 1108139 
328 1100121 
329 2104078 
330 2102870 
331 2125246 
332 1103528 
333 2165009 
334 1105773 
335 1107323 
336 2170054 
337 1103400 
338 2180043 
339 2106779 
340 2170196 
341 1100708 
342 2170146 
343 2102241 
344 2104642 
345 1101295 
346 1101900 
347 1102796 
348 2106018 
349 1101780 
350 2155011 
351 2125146 
352 2105207 
353 1103258 
354 2106161 
355 1100722 
356 1100083 
357 1101429 
358 1104604 
359 1108354 
360 1104212 
361 2180280 
362 1108152 
363 1103820 
364 1106187 
365 1104723 
366 1104260 
367 2140004 
368 1103202 
369 2100702 
370 2170200 
371 1103162 
372 1102450 
373 2102382 
374 1108160 
375 1105952 
376 1108808 
377 1106459 
378 2106437 
379 1104195 
380 1100014 
381 1104495 
382 1100842 
383 1104167 
384 1100775 
385 1108652 
386 2170089 
387 1102460 
388 1102036 
389 1100711 
390 2103941 
391 2103154 
392 2102312 
393 1101469 
394 2170084 
395 1108167 
396 1108720 
397 1100029 
398 1103438 
399 1102651 
401 2135036 
402 2105644 
403 1100556 
404 1101058 
405 1100416 
406 1104305 
407 1101284 
408 1102355 
409 1103155 
410 1100146 
411 1101579 
412 2125277 
413 1100790 
414 2170101 
415 2135031 
416 1100114 
417 2170221 
418 1105598 
419 2103597 
420 1108183 
421 2104680 
422 1101586 
423 1101698 
424 1108234 
425 1103012 
426 1102191 
427 1104116 
428 1100432 
429 1106681 
430 1108104 
431 2102797 
432 1100340 
433 1101679 
434 1100781 
436 1100279 
437 1102259 
438 2105789 
439 1103552 
440 2106636 
441 1102147 
442 2160018 
443 1101402 
444 1101784 
445 1103345 
446 2135001 
447 2107290 
448 2180136 
449 2160001 
450 1102454 
451 1100600 
452 1108529 
453 2105063 
454 1103452 
455 2102452 
456 2101992 
457 1106493 
458 1106388 
459 1101689 
460 1100058 
461 2180117 
462 2180201 
463 2102514 
464 1101996 
465 1102118 
466 2125011 
467 1100987 
468 2100393 
469 1108190 
470 2140044 
472 2160019 
473 1102733 
474 1102331 
475 1102743 
476 2104189 
477 1108623 
478 1102719 
479 1108785 
480 2170238 
481 1104275 
482 2102975 
483 2102964 
484 2105401 
485 2107229 
486 1101062 
487 1103293 
488 2104937 
489 1101424 
490 1104210 
491 2105040 
492 1100774 
494 1100735 
495 2180254 
496 1106821 
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497 1100098 
498 1101519 
499 1101108 
500 2100975 
502 2135050 
503 1106760 
504 1106412 
505 1102394 
506 1101960 
507 1103589 
508 1107436 
509 1101387 
510 1103607 
511 2165015 
512 2106961 
513 1101170 
514 1108632 
515 2135058 
516 1106593 
517 2105573 
518 1108564 
519 1108304 
520 1100963 
521 2170118 
522 1103377 
523 2105416 
524 2135049 
525 1101462 
526 2104919 
527 1105686 
528 1102371 
529 1102267 
530 1100305 
531 1103239 
532 1105288 
533 2125009 
534 1107069 
536 1105330 
537 1102121 
538 2120165 
539 2106381 
540 2104383 
541 2105772 
542 2105284 
543 2170162 
544 1101841 
545 1103103 
546 1101722 
547 1105094 
548 1100110 
549 1101525 
550 1102830 
551 1108796 
552 1102115 
553 2101302 
554 1104271 
555 1101197 
556 1103732 
557 1108791 
558 1100816 
559 2155014 
560 1103353 
561 1103803 
562 1101316 
563 1103764 
564 1101067 
565 2135076 
566 1103016 
567 1102598 
568 1100928 
569 1106037 
570 1100084 
571 1108528 
572 1107064 
573 2170168 
574 2107252 
575 1100362 
576 1102913 
577 1106251 
578 1100943 
580 1108057 
581 1100819 
582 1107727 
583 1107422 
584 1101248 
585 1105879 
586 1108024 
587 2104379 
588 2165041 
589 2101869 
590 1101372 
591 2106440 
593 2180270 
594 1102646 
595 2170185 
596 1100691 
597 1103028 
598 1102710 
599 1101319 
600 2102500 
601 1101712 
602 2100594 
603 1100455 
604 1100406 
605 2100141 
606 1106411 
607 2101450 
608 2100773 
609 1101787 
610 2103937 
611 1103560 
612 1101693 
613 1100849 
614 1108414 
615 2100473 
616 1103708 
617 1104134 
618 2106993 
619 2125231 
620 1102893 
621 2102727 
622 1100099 
623 1100528 
624 1104708 
625 1101351 
626 1108768 
627 1102777 
628 1108788 
629 1102999 
630 1100977 
631 2102978 
632 1103511 
633 2102888 
634 1100713 
635 1108237 
636 1104715 
637 1107424 
638 2170216 
639 2170027 
640 1103260 
641 2180142 
642 1102047 
643 2102904 
644 1101121 
645 1101886 
646 1102053 
647 1100560 
648 1100572 
649 1108009 
650 1107437 
651 1108629 
652 1105725 
653 2100109 
654 2103263 
655 1101409 
656 2102629 
657 2102744 
658 1102034 
659 1100138 
660 2104756 
661 2103225 
662 2125049 
663 2103538 
664 2106826 
665 2170099 
666 2100391 
667 1101504 
668 1104934 
669 1105067 
670 2101765 
671 2120190 
672 2102269 
673 1104377 
674 2100744 
675 2106078 
676 2106068 
677 2170092 
678 1102827 
679 2101290 
680 2101768 
A76 
 
681 1101014 
682 2100441 
683 1104636 
684 2101375 
685 1108151 
686 1108134 
687 2101853 
688 2105956 
689 2101546 
690 1108014 
691 2103536 
692 1100750 
693 2102892 
694 2102069 
696 1103165 
697 2101810 
698 2107414 
699 2100378 
700 2106249 
701 2170009 
702 2102026 
703 2104122 
704 1105795 
705 1103953 
706 2104264 
708 2101430 
709 2101055 
710 2160009 
711 2103520 
712 2105995 
713 2104916 
714 2103176 
715 2180106 
716 1101919 
717 2104388 
718 1104612 
719 2120517 
720 2103942 
721 2100725 
722 2180399 
723 1100440 
724 1107542 
725 2103555 
726 2180225 
727 1103236 
728 2170065 
729 2101066 
730 2104373 
731 2106797 
732 2102854 
733 2170028 
734 2101076 
736 1102161 
737 1102263 
738 2101211 
739 2103632 
740 1100259 
741 2170165 
742 2106928 
743 2102297 
744 2104211 
745 2104492 
746 2103490 
747 2105258 
748 2101023 
749 2106851 
750 2125234 
751 2107223 
752 2104954 
753 2102971 
754 2102739 
755 2101575 
756 2101342 
757 2103081 
758 2106035 
759 2180013 
760 2100581 
761 2101256 
762 2101029 
763 2100865 
764 2180084 
765 2102160 
766 2102761 
767 1102398 
768 2104541 
769 2106685 
770 2101428 
771 2170143 
772 1102632 
773 2103348 
774 1107692 
775 2102204 
776 2102886 
777 2180090 
778 2170182 
779 2125068 
780 1102439 
781 1105885 
782 1100254 
783 2101528 
784 2180294 
785 2106652 
786 2103443 
787 2100760 
788 2100624 
789 2101148 
790 2102261 
791 2101567 
794 1108402 
795 1108746 
796 2102948 
797 2100890 
798 2106967 
799 2103506 
800 2102622 
801 2101386 
802 1102097 
803 2104624 
804 2104716 
805 1100395 
806 1102953 
807 1101318 
808 1102983 
809 1103878 
810 1104095 
811 2101597 
812 1102207 
813 1106156 
814 2170025 
815 2103053 
816 2107096 
817 1102684 
818 1101205 
819 1101474 
820 2180114 
821 1100506 
822 1100610 
823 2105639 
824 2120538 
825 2103222 
826 2105104 
827 2180030 
828 2107173 
829 2102819 
830 2180404 
831 2104502 
832 2180327 
833 2104732 
834 2180373 
835 2101150 
836 2102843 
837 2106690 
838 1100651 
839 1103173 
840 2107058 
841 2104033 
842 2105442 
843 2100044 
844 1100997 
845 2180028 
846 1107301 
847 2103864 
848 1108119 
849 1100387 
850 2106462 
851 2120146 
852 1101683 
853 2125163 
854 1105054 
855 1100830 
856 2140043 
857 2104386 
858 1100811 
859 2106944 
860 2101927 
861 2102753 
862 1100573 
863 2105517 
864 2102348 
865 2103279 
A77 
 
866 2102700 
867 1108199 
868 1101815 
869 1100281 
870 1101557 
871 1107688 
872 1108580 
873 1107403 
874 1102145 
875 2101978 
876 1100530 
877 1101600 
878 1101692 
879 1100412 
880 1101757 
881 1100810 
882 1100628 
883 2105385 
884 1100041 
885 1101778 
886 1100955 
887 1100511 
888 1104614 
889 2105720 
890 2107275 
891 1105680 
892 2102934 
893 1100423 
894 2100469 
895 2105509 
896 2165048 
897 2100330 
898 2103603 
899 2165018 
900 2107152 
901 2103960 
902 2102959 
903 2101088 
904 1100685 
905 1105642 
906 1103977 
907 1100695 
908 1105171 
909 2105771 
910 2170159 
911 1105218 
912 1102531 
913 2102467 
914 2104336 
915 1100525 
916 1100724 
917 1108155 
918 1101116 
919 1102468 
920 1103868 
921 1102771 
923 2106213 
924 2170191 
925 1108738 
926 1107400 
927 1101442 
928 1104903 
929 2104047 
930 1104237 
931 2103464 
932 1108572 
933 2135042 
934 1108231 
935 2125168 
936 1100718 
937 1106206 
938 1102169 
939 1108338 
940 1102180 
941 1108732 
942 1102342 
943 1101274 
944 1108079 
945 2105917 
946 2102726 
947 2102982 
948 1106634 
949 1102748 
950 1104288 
951 1104485 
952 1106668 
953 1105455 
954 1104356 
955 2106910 
956 1105447 
957 2120072 
958 2104270 
959 2170047 
960 1107450 
961 2100946 
962 2180286 
963 2170045 
964 2105270 
965 1108325 
966 1103527 
968 1103961 
969 1101026 
970 1102682 
971 1104838 
972 1102781 
973 1102504 
974 1106300 
975 1103178 
976 1108322 
977 1103474 
978 1108781 
979 1105650 
980 1104008 
981 1108516 
982 2104908 
983 1102488 
984 2170063 
985 2101775 
986 2101054 
987 1108686 
988 1101903 
989 2105930 
990 1104188 
991 1104577 
992 1105687 
993 2165046 
994 1104000 
995 2103224 
996 1104455 
997 2102596 
998 2101741 
999 1102924 
1000 1103325 
1001 1106373 
1002 1103372 
1003 1105100 
1004 2104628 
1005 1101944 
1006 2102555 
1007 1102745 
1008 1104456 
1009 1104709 
1010 2165020 
1011 2170002 
1012 1104320 
1013 2135067 
1014 1101032 
1015 1100681 
1016 1108744 
1017 1103205 
1018 2103816 
1019 1108523 
1020 1108223 
1021 1101790 
1022 1108210 
1023 1108046 
1024 1108133 
1025 2100466 
1026 1102687 
1027 1104648 
1028 1106205 
1029 1101216 
1030 1106377 
1031 1103862 
1032 1108557 
1033 1103384 
1034 1105840 
1035 2103648 
1036 2104958 
1037 1103720 
1038 2101070 
1040 1103114 
1041 1108520 
1042 2104591 
1043 1101732 
1044 1103753 
1045 2106873 
1046 1103209 
1047 1103790 
1048 2106484 
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1049 2170155 
1050 1106619 
1051 1105248 
1052 2125136 
1053 2103253 
1054 1101259 
1055 2107161 
1057 1104132 
1058 1101678 
1059 1104204 
1060 2102146 
1061 1104730 
1062 1102545 
1063 2170031 
1064 2103533 
1065 2106472 
1066 2106221 
1067 1100985 
1068 2180008 
1069 1102742 
1070 1104893 
1071 2155000 
1072 1103436 
1073 2170214 
1074 2180255 
1075 2103238 
1076 2180363 
1077 2106006 
1078 2180020 
1079 1105763 
1080 1107038 
1081 2180228 
1082 1102156 
1083 2170181 
1084 1105163 
1085 2180261 
1086 1101740 
1087 2100659 
1088 2165011 
1089 1107451 
1090 1104399 
1091 2170133 
1092 1103733 
1093 1103877 
1094 1108790 
1095 2140013 
1096 2165035 
1097 2105892 
1098 1103456 
1099 1108617 
1100 1103422 
1101 2135071 
1102 1108689 
1103 2135020 
1104 2140018 
1105 1106500 
1106 1102306 
1107 2170014 
1108 1108743 
1109 2170085 
1110 2120550 
1111 2170163 
1112 2120039 
1113 2106210 
1114 1105130 
1115 2180207 
1116 2102855 
1117 1107514 
1118 2105333 
1119 2105597 
1120 2102276 
1121 2101654 
1122 2135066 
1123 2170188 
1124 2106146 
1125 2106819 
1126 2106950 
1127 2170096 
1128 2135073 
1129 2105274 
1130 2102485 
1131 2101298 
1132 2105079 
1133 2103343 
1134 2106391 
1135 2125100 
1136 2102414 
1137 2102237 
1138 2120155 
1139 2135007 
1140 2140005 
1141 2106270 
1142 2104925 
1143 2107101 
1144 2106713 
1145 2103755 
1146 2104021 
1147 2135039 
1148 2120334 
1149 2130019 
1150 2100088 
1152 2140037 
1153 2103344 
1154 2105261 
1155 2105183 
1156 2105640 
1157 2120544 
1158 2125061 
1159 2125069 
1160 2125289 
1161 1108503 
1162 2170059 
1163 2104635 
1164 2180364 
1165 2125105 
1168 2105464 
1169 1105272 
1170 1103371 
1172 1104034 
1173 2120001 
1174 2107197 
1175 1100751 
1176 2106563 
1177 2140015 
1178 1101184 
1179 2105908 
1180 2125213 
1182 2135047 
1183 2125216 
1185 2105722 
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Standard Operating Procedures for 
ImmunoCAP 100 
 
Standard operating procedures (SOP) for specific IgE, specific IgG4 and streptavidin specific IgE 
using the ImmunoCAP 100. 
 
SOP 1: Specific IgE 
1.0 PRINCIPLE 
Human blood samples are collected and assembled by clinicians from Barwon Health.  Serum 
samples are analysed for specific IgE against wheat and milk allergens using the ImmunoCAP 
100 instrument. 
 
2.0 SCOPE 
This procedure applies to research applications certified under ISO9001:2008.  Research 
experiments are followed as described in the ImmunoCAP 100 User Manual. 
 
3.0 REFERENCES 
3.1 Johansson, G. S. O., 2004.  ImmunoCAP specific immunoglobulin E test: tool for 
research and allergy diagnosis.  Experimental Review in Molecular Diagnostics, Volume 4 
(3), 89-95. 
3.2 Phadia, 2007.  ImmunoCAP 100 User Manual USA/English Instrument Version 1.0.  
Sweden. 
3.3 Phadia www.phadia.com 
3.4 Pharmacia Diagnostics www.us.diagnostics.com 
 
	
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4.0 INTRODUCTION 
Allergic diseases are associated with an IgE antibody response against a foreign antigen 
(allergen).  Exposure to environmental allergens may occur by contact with and/or breathing food 
allergens through eating.  Identification of allergens is difficult and requires a relatively high 
degree of specificity and sensitivity. 
Immunoglobulin E (IgE) mediated allergic diseases have increased rapidly over the years and 
affect the quality of life of millions of people at an enormous cost to society.  Accurately identifying 
the sensitising allergen and its sources is one of the cornerstones in the clinical management of 
allergic patients (Johansson, 2004).  Both scientists and clinicians urgently require simple and 
validated tests to determine the presence of sensitisation to identified allergens in individual 
patients or the prevalence of sensitisation in relevant populations (New Horizons Number 1, 
2005). 
The new-generation ImmunoCAP technology design provides an extremely high binding capacity 
using the cellulose polymer sponge.  This capacity, along with extensive quality control 
measures, excellent allergen and reagent source materials, and calibration to WHO reference 
preparations, results in both high sensitivity and high specificity for assays based on this 
technology.  In addition, the structural design of ImmunoCAP allows for automation and thorough 
elimination of unbound non-specific material in the reaction complex, resulting in highly 
reproducible, accurate, and quantitative results (Pharmacia Diagnostics). 
The ImmunoCAP specific IgE blood test can quantitatively determine what the patients are 
allergic to. 
 
5.0 APPARATUS & REAGENTS 
5.1 Equipment 
 Refer to manufacturer's manual for use and care of equipment including:  
 ImmunoCAP 100 v1.0 
 Computer loaded with IDM v4.13 
 Printer paper 
 Laminar flow hood 
 Pipettes & tips 
 Test tubes 
 Schott bottles 
5.2 Reagents 
 Wash solution 
 Develop solution 
 Stop solution 
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 Allergen caps f2 (milk), f4 (wheat) 
 Human serum samples 
 Curve controls or specific IgE 0-100 calibrators 
 Specific IgE 0-100 conjugate 
 Maintenance solution kit 
 
6.0 SAFETY 
6.1 Personal protective equipment 
It is important to wear appropriate protective attire at all times when working with human blood. 
 Latex gloves 
 Safety glasses 
 Closed-toe shoes 
 Long pants 
 Lab coat 
 
6.2 Infectious substances 
All biological samples are to be treated as a potential hazard.  Human blood samples may contain 
a variety of infectious agents.  Proper attention and care must be taken. 
 
6.3 Disposal of human blood and items contaminated by blood 
All blood-related items (test tubes, pipette tips, gloves) are to be disposed in a biohazard waste 
bin. Once the bin is full, the waste bag is autoclaved and disposed of in the correct biohazard bin. 
Re-usable equipment that is in contact with blood, is to be soaked in 10% bleach solution for 20 
minutes and washed vigorously with water before hanging to dry. 
Diluted liquid waste is to be autoclaved and poured down the sink with overflowing water and 
10% bleach solution for 5 minutes. 
 
6.4 Blood emergency 
In the case of a spill, the spill area is to be covered with 10% bleach solution for 20 minutes 
before wiping up.  Contaminated materials are to be put into the biohazard waste bin. 
If blood gets on skin, the skin is to be washed vigorously with disinfectant soap and water, and 
contaminated clothes is to be removed.  Institute officer in charge James Bell is to be contacted 
(Ph: 9351 8801; Mob: 0411 146 738) and medical attention sought. 
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Camden Hospital 
Menangle Road, Camden NSW 2570 
Ph: (02) 4634 3000 
 
6.5 Electricity 
The ImmunoCAP 100 and Information Data Manger (IDM) computer are connected to electric 
power points thus care should be taken to avoid the risk of electrocution. 
 
7.0 PROCEDURE 
 7.1 Preparation 
Preparations can be carried out prior to running the assay. 
1. Turn on the computer and ImmunoCAP 100 instrument. 
2. Take reagents out from the fridge and let them warm up to room temperature. 
3. Wipe all lab equipment and the laminar flow hood with 70% ethanol prior to use.  
Prepare 10% bleach solution. 
4. Take serum samples out from the freezer and let them defrost in the laminar flow 
hood. 
5. Prepare Washing Solution – add all the content in bottle A (washing solution 
concentrate, 80 mL) to a 1 L Schott bottle and fill up with 800 mL distilled water.  Add 
the content in bottle B (washing solution additive, 17.2 mL) and make up to 1 L with 
distilled water.  Prepared washing solution can be kept at room temperature up to 1 
week. 
6. Once finished, wipe all relevant lab surfaces and equipment with 10% bleach 
solution. 
 
 7.2 Requests 
Requests can be entered either from the IDM or from the ImmunoCAP 100 instrument.  Refer to 
User Manual 2.38. 
1. In the IDM interface, click on the Request tab. 
2. Select New tab. 
3. Enter Sample ID in field. 
4. Select Add Test tab or Add Panel tab.  The Add Panel was previously set up for 
specific IgE for milk (f2) and wheat (f4) under the name GWF. 
5. After adding, close the box and select the Save tab on the Request screen. 
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 7.3 Sending Request to ImmunoCAP 100 
Pre-saved requests in IDM can be sent remotely to the ImmunoCAP 100. 
1. On the main screen, click on the computer icon. 
2. In the Run Setup tab tick the sIgE ImmunoCAP Specific IgE box. 
3. Select the Sample ID on the right hand side.  Note: for 2 tests (f2 & f4) only 23 
samples can be selected when using 2 curve controls.  If calibrators are used, only 
18 samples can be loaded onto the carousel. 
4. Press Send. 
 
 7.4 Load and Start 
1. In the Prepare Run mode, press the yes key.  Then press the number 3 key. 
2. In the Load and Start mode, press the yes key. 
3. [1. Load Samples?] To start loading the samples, press the yes key. 
4. [WASH/RINSE/WASTE OK?] Check the bottles and press the yes key to confirm the 
step. 
5. Load the sample in the advised position and press the enter key.  Continue loading 
the samples as prompted by the instrument. 
6. [2. Load Reagents?] To start loading reagents, press the yes key. 
7. Scan the calibration code using the hand-held scanner.  Load the correct conjugate 
in the advised position and press the enter key. 
8. Continue loading the reagents as above.  When finished, put the carousel lid back. 
9. [3. Load ImmunoCAP?] Press the yes key. 
10. To be able to start a blank check, press the enter key. 
11. Load the ImmunoCAP carrier and press the enter key. 
12. [4. Start Process?] Press the yes key. 
13. To start the process, press the enter key.  The laboratory report is automatically 
printed when the assay run is completed.  Note: The machine needs to be warmed 
up to 37 °C before the process is started. 
 
 7.5 Results 
When results are ready, the Result tab at the bottom of the screen usually flashes green. 
1. Select Result tab. 
2. In the Assay Run window, select the highlighting run and click the Open tab. 
3. Scroll through the tabs to look at the Calibrators, Curve Controls, Quality Controls, 
Samples and Assays before the Approval tab.  Once everything looks correct, click 
Approve.  Results that are selected as Rejected can be sent back for re-testing. 
4. Data can also be saved.  In the Approval tab, click the Save button. 
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5. To print out hard copies, press Print (at the top right corner). 
 
8.0 MAINTENANCE 
Daily, weekly, and monthly maintenance are required to be performed regularly by operators in 
order to keep the instrument in good condition and to ensure the instrument's performance.  Refer 
to the ImmunoCAP 100 User Manual for further maintenance and troubleshooting procedures.  
 
8.1 Daily maintenance 
A daily rinse is done to prevent blockage, growth and carry over.  It is performed at the end of 
each day of ImmunoCAP 100 use or after each run (if more than 1 run per day has been 
performed). 
Disconnect the Washing Solution Bottle by using the quick release mechanism.  Rinse the bottle 
and replace the Washing Solution Bottle with a beaker filled with approximately 300ml of distilled 
water.  Unscrew the cap from the Washing Solution Bottle and connect it to the quick release 
mechanism.  Put the wash tubing in the beaker with distilled water. 
Check the Waste Bottle is empty before starting the process. 
1. In Install/Service mode press the number 9 key. 
2. [9. Maintenance?] Press the yes key. 
3. [1. Daily Maintenance?] Press the yes key. 
4. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step. 
This process takes approximately 6 minutes.  When the maintenance is completed, empty the 
Waste Bottle and the beaker. 
Empty the Waste Bottle to prevent overflow and contamination (for disposal of waste see 4.3). 
The ImmunoCAP Waste container is located in the Processing Chamber, to the left.  Press lid 
open and open the Processing Lid.  Pull out the container, empty it to the biohazard bin and put it 
back again.  Wash with 10% bleach and rinse with water whenever required. 
Take out the ImunoCAP Holder Disc and Elution Wells Disc and rinse them in distilled water.  Dry 
them with low-lint paper towel.  Note: the ImmunoCAP Holder Disc is fragile and should be 
handled carefully.  Wipe off the Processing Chamber with tissue. 
 
8.2 Weekly maintenance 
Weekly maintenance is done in order to clean the Washing Solution, Rinse Solution and Waste 
Bottles and the beaker used in daily maintenance to prevent blockage, growth and carry over. 
In general, it is the same procedure as the daily maintenance (refer to 7.1). 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 7 key. 
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2. [7. Weekly Maintenance?] Press the yes key. 
3. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step.  This 
process takes approximately 6 minutes. 
4. When the weekly maintenance procedure is finished, empty and clean the Washing 
Solution and Rinse Solution.  Press the enter key to confirm this step. 
 
8.3 Monthly maintenance 
A monthly maintenance cleaning procedure is done in order to reduce the risk of growth and 
transmission of infections.  The following points are included in the monthly maintenance: 
 Cleaning procedure 
 Lubrication of o-rings 
 Cleaning of Sample Carousel 
 Outside cleaning 
 Deletion of instrument log files. 
ImmunoCAP Maintenance Solution Kit is required. 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 2 key. 
2. [2. Monthly Maintenance?] Press the yes key. 
3. [Load 4 CheckCAPs IN POS 1-4] Press lid open and open the Processing Lid.  Place 
four CheckCAPs in positions 1 to 4 in the ImmunoCAP Holder Disc and close the 
Processing Lid.  Press enter key to confirm this step. 
4. Fill a clean and empty conjugate vial with 5 mL of Washing Solution and place the vial in 
the Sample Carousel in position G.  Press the enter key to confirm this step. 
5. Add 1 mL of antifoam in the Waste Bottle.  Press the enter key to confirm this step. 
6. Fill the empty Rinse Solution, Washing Solution and Waste Bottles, each with 200 mL 
Washing Solution.  Shake the bottles gently and connect them to the instrument.  Press 
the enter key to confirm this step. 
7. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
8. When the cleaning procedure is finished, rinse the Washing solution, Rinse Solution 
Bottles and their bottle caps 5 times with tap water and finally 1 time with distilled water.  
Press the enter key to confirm this step. 
9. Press the enter key.  Fill the Rinse Solution and Washing Solution Bottles with 350ml of 
distilled water each. 
10. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
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11. When the Monthly Maintenance Wash is finished, press lid open and open the 
Processing Lid.  Take out the ImmunoCAP Holder Disc and discard the four CheckCAPs.  
Take out the Elution Wells Disc and the Drainage filter and place them in the Washing 
solution.  Leave them in the Washing solution for 30 minutes.  Press the enter key to 
confirm this step. 
12. At the same time, remove the Sample Carousel and place it in the Washing solution for 
30 minutes.  Rinse thoroughly with tap water and dry with a paper towel. 
13. Disconnect and empty the Washing Solution, Rinse Solution and Waste Bottle.  Press the 
enter key to confirm this step. 
14. Rinse the ImmunoCAP Holder Disc, Elution Wells Disc and the Drainage Filter with 
distilled water thoroughly.  Dry them with low-lint paper towels and replace them to the 
Processing Chamber. 
15. Disconnect the tubings from the Washing Solution, Rinse Solution and Waste Bottles.  
Lubricate the O-rings on the bottle connections of the bottle with grease.  Press the enter 
key to confirm this step. 
16. Wipe off the Sample Carousel compartment with 70% ethanol. 
17. Restart the instrument to maintain a good performance of the internal hard disk.  Switch 
ImmunoCAP 100 off, wait 10 seconds and switch the instrument on again. 
 
9.0 CALCULATION 
Results were calculated based on the calibration curve (Fig. 1).  The calibration curve was 
generated using the calibration kit (0-100 kU/L) and is required to be performed monthly.  Two 
curve controls with known concentrations (CC1 – 0.7, CC2 – 17.5) are included in every run when 
calibrators are not present. 
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Figure 1: Specific IgE Calibration Curve. 
 
10.0 REPORTING 
Data and results are saved in the IDM. 
 
11.0 POINTS OF IMPORTANCE 
 Calibrators and curve controls are single dose and must be thrown away after each assay 
run. 
 Make sure that there are no air bubbles on the surface of the reagents and samples. 
 Be sure that the volume of samples and reagents are sufficient (for examples of residual 
volumes for different tubes, see chapter 3 of the ImmunoCAP 100 User Manual). 
 Make sure the right reagent/sample is loaded in the correct position (see distribution list). 
 Ensure that the correct ImmunoCAP gets loaded. 
 Check the volume of Rinse Solution and Washing Solution.  Make sure that the tube 
connections are pressed down enough to obtain a vacuum. 
 Remember to empty the ImmunoCAP Waste Container after each run. 
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 The Waste Bottle must be emptied after each run. 
 If there is some unusual noise during ImmunoCAP Well loading, open the processing lid 
and check ImmunoCAP for presence and position. 
 If there are any error messages on the laboratory report, check the results of the 
corresponding ImmunoCAP. 
 Before closing the processing lid, make sure that the wash rake is well above the 
ImmunoCAP Carousel.  The wash rake can be moved manually.  Check the ImmunoCAP 
100 User Manual. 
 
12.0 APPENDIX 
 
 
 
A89 
 
 
 
 
A90 
 
SOP 2: Specific IgG4  
1.0 PRINCIPLE 
Human blood samples were collected and assembled by clinicians from Barwon Health.  Serum 
samples were analysed for specific IgG4 against wheat and spelt allergens using the ImmunoCAP 
100 instrument.  ImmunoCAP Specific IgG4 measures the antigen-specific IgG4 antibodies in 
human serum or plasma.  The level of IgG4 antibodies is an important indicator of the body’s 
immunological response to antigen exposure. 
 
2.0 SCOPE 
This procedure applies to research applications certified under ISO9001:2008.  Research 
experiments are followed as described in the ImmunoCAP 100 User Manual. 
 
3.0 REFERENCES 
3.1 Garcia, B. E., Sanz, M. L., Fernandez, M., Dieguez, I., Oehling, A., 1990.  Value of IgG4 
antibodies against food in atopic dermatitis.  Allergol Immunopathol, 18(4), 187-190. 
3.2 Homburger, H. A., Mauer, K., Sachs, M. I., O’Connell, E. J., Jacob, G. L., Caron, J., 1986.  
Serum IgG4 concentrations and allergen-specific IgG4 antibodies compared in adults and 
children with asthma and nonallergic subjects.  Journal of Allergy and Clinical 
Immunology, 77, 427-434. 
3.3 Matsui, E. C., Diette, G. B., Kropw, E. J. M., Aalberse, R. C., Smith, A. L., Curtin-Brosnan, 
J., Eggleston, P. A., 2005.  Mouse allergen-specific immunoglobulin G and 
immunoglobulin G4 and allergic symptoms in immunoglobulin E-sensitized laboratory 
animal workers. Clinical and Experimental Allergy, 35, 1347-1353. 
3.4 Tomee, J. F. C., Dubois, A. E. J., Koeter, G. H., Beaumont, F., van der Werf, T. S., 
Kauffman, H. F., 1996.  Specific IgG4 responses during chronic and transient antigen 
exposure in Aspergillosis., American Journal of Critical Care Medicine, 153, 1952-1957. 
3.5 Phadia, 2007.  ImmunoCAP 100 User Manual USA/English Instrument Version 1.0.  
Sweden. 
3.6 Phadia www.phadia.com 
3.7 Pharmacia Diagnostics www.us.diagnostics.com 
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4.0 INTRODUCTION 
The measurements of specific IgG and/or IgG4 antibodies have been used in clinical studies of 
different allergic diseases such as asthma, rhinitis, urticaria, eczema and gastrointestinal 
disorders (Phadia).  IgG4 also serves as an important marker of immunological response in 
patients undergoing specific immunotherapy (SIT).  A significant increase in IgG4 antibody levels 
indicates a good immunological response to SIT treatment.  No change in IgG4 antibody levels 
indicates a low probability of success and that treatment changes should be considered (Phadia). 
In some studies, antigen specific IgG4 antibodies have been measured in patients with food 
allergy or intolerance (Garcia et al., 1990).  It is generally believed that specific IgG and IgG4 
antibodies are biomarkers of antigen exposure (Tomee et al., 1996; Homburger et al., 1986).  
Allergen specific IgG4 antibodies may also have a role in immune deviation and development of 
tolerance (Matsui et al., 2005). 
The ImmunoCAP Specific IgG4 assay is based upon the proven high total binding capacity of the 
ImmunoCAP cellulose solid phase.  This ensures binding of all relevant antibodies, regardless of 
antibody affinity still giving low non-specific binding. The ImmunoCAP solid phase consists of a 
three dimensional cellulose derivative encased in a capsule, allowing for discrete and automated 
assay processing.  The hydrophilic, highly-branched polymer provides an ideal micro-
environment for allergens, binding them irreversibly while maintaining their native structure. 
 
5.0 APPARATUS & REAGENTS 
5.1 Equipment 
 Refer to manufacturer’s manual for use and care of equipment including: 
 ImmunoCAP 100 v1.0 
 ImmunoCAP printer paper 
 Computer loaded with IDM v4.13 
 Printer and paper 
 Laminar flow hood 
 Pipettes & tips (previously autoclaved) 
 16mm x 10mm borosilicate test tubes 
 Schott bottles 
5.2 Reagents 
 Wash solution 
 Develop solution 
 Stop solution 
 Allergen caps f4 (wheat), f124 (spelt) 
 Human serum samples 
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 IgG4 curve controls or specific IgG4 calibrators 
 IgA/IgG calibrator caps 
 Specific IgA/IgG sample diluent 
 Specific IgG4 conjugate 
 Maintenance solution kit 
 
6.0 SAFETY 
6.1 Personal protective equipment 
It is important to wear appropriate protective attire at all times when working with human blood. 
 Latex gloves 
 Safety glasses 
 Closed-toe shoes 
 Long pants 
 Lab coat 
 
6.2 Infectious substances 
All biological samples are to be treated as a potential hazard.  Human blood samples may contain 
a variety of infectious agents.  Proper attention and care must be taken. 
 
6.3 Disposal of human blood and items contaminated by blood 
All blood-related items (test tubes, pipette tips, gloves) are to be disposed in a biohazard waste 
bin. Once the bin is full, the waste bag is autoclaved and disposed of in the correct biohazard bin. 
Re-usable equipment that is in contact with blood, is to be soaked in 10% bleach solution for 20 
minutes and washed vigorously with water before hanging to dry. 
Diluted liquid waste is to be autoclaved and poured down the sink with overflowing water and 
10% bleach solution for 5 minutes. 
 
6.4 Blood emergency 
In the case of a spill, the spill area is to be covered with 10% bleach solution for 20 minutes 
before wiping up.  Contaminated materials are to be put into the biohazard waste bin. 
If blood gets on skin, the skin is to be washed vigorously with disinfectant soap and water, and 
contaminated clothes is to be removed.  Institute officer in charge James Bell is to be contacted 
(Ph: 9351 8801; Mob: 0411 146 738) and medical attention sought. 
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Camden Hospital 
Menangle Road, Camden NSW 2570 
Ph: (02) 4634 3000 
 
6.5 Electricity 
The ImmunoCAP 100 and Information Data Manger (IDM) computer are connected to electric 
power points thus care should be taken to avoid the risk of electrocution. 
 
7.0 PROCEDURE 
 7.1 Preparation 
Preparations can be carried out prior to running the assay. 
1. Turn on the computer and ImmunoCAP 100 instrument. 
2. Take reagents out from the fridge and let them warm up to room temperature. 
3. Wipe all lab equipment and the laminar flow hood with 70% ethanol prior to use.  
Prepare 10% bleach solution. 
4. Take serum samples out from the freezer and let them defrost in the laminar flow 
hood. 
5. Prepare Washing Solution – add all the content in bottle A (washing solution 
concentrate, 80 mL) to a 1 L Schott bottle and fill up with 800 mL distilled water.  
Add the content in bottle B (washing solution additive, 17.2 mL) and make up to 1 L 
with distilled water.  Prepared washing solution can be kept at room temperature up 
to 1 week. 
6. Once finished, wipe all relevant lab surfaces and equipment with 10% bleach 
solution. 
 
 7.2 Requests 
Requests can be entered either from the IDM or from the ImmunoCAP 100 instrument.  Refer to 
User Manual 2.38. 
1. In the IDM interface, click on the Request tab. 
2. Select New tab. 
3. Enter Sample ID in field. 
4. Select Add Test tab or Add Panel tab.  The Add Panel was previously set up for 
specific IgG4 for wheat (f4) and spelt (f124) under the name GWF IgG4. 
5. After adding, close box and select the Save tab on the Request screen. 
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 7.3 Sending Request to ImmunoCAP 100 
Pre-saved requests in IDM can be sent remotely to the ImmunoCAP 100. 
1. On the main screen, click on the computer icon. 
2. In the Run Setup tab, tick the sIgG4 ImmunoCAP Specific IgG4 box. 
3. Select the Sample ID on the right hand side.  Note: for 2 tests (f4 and f124) only 23 
samples can be selected when using 2 curve controls.  If calibrators are used, only 
18 samples can be loaded onto the carousel. 
4. Press Send. 
 
  7.4 Load and Start 
1. In the Prepare Run mode, press the yes key.  Then press the number 3 key. 
2. In the Load and Start mode, press the yes key. 
3. [1. Load Samples?] To start loading the samples, press the yes key. 
4. [WASH/RINSE/WASTE OK?] Check the bottles and press the yes key to confirm the 
step. 
5. Load the sample in the advised position and press the enter key.  Continue loading 
the samples as prompted by the instrument. 
6. [2. Load Reagents?] To start loading reagents, press the yes key. 
7. Scan the calibration code using the hand-held scanner.  Load the correct conjugate 
in the advised position and press the enter key. 
8. Continue loading the reagents as above.  When finished, put the carousel lid back. 
9. [3. Load ImmunoCAP?] Press the yes key. 
10. To be able to start a blank check, press the enter key. 
11. Load the ImmunoCAP carrier and press the enter key. 
12. [4. Start Process?] Press the yes key. 
13. To start the process, press the enter key.  The laboratory report is automatically 
printed when the assay run is completed.  Note: The machine needs to be warmed 
up to 37 °C before the process is started. 
 
 7.5 Results 
When results are ready, the Result tab at the bottom of the screen usually flashes green. 
1. Select Result tab. 
2. In the Assay Run window, select the highlighting run and click the Open tab. 
3. Scroll through the tabs to look at the Calibrators, Curve Controls, Quality Controls, 
Samples and Assays before the Approval tab.  Once everything looks correct, click 
Approve.  Results that are selected as Rejected can be sent back for re-testing. 
4. Data can also be saved.  In the Approval tab, click the Save button. 
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5. To print out hard copies, press Print (at the top right corner). 
 
8.0 MAINTENANCE 
Daily, weekly, and monthly maintenance are required to be performed regularly by operators in 
order to keep the instrument in good condition and to ensure the instrument's performance.  Refer 
to the ImmunoCAP 100 User Manual for further maintenance and troubleshooting procedures.  
 
8.1 Daily maintenance 
A daily rinse is done to prevent blockage, growth and carry over.  It is performed at the end of 
each day of ImmunoCAP 100 use or after each run (if more than 1 run per day has been 
performed). 
Disconnect the Washing Solution Bottle by using the quick release mechanism.  Rinse the bottle 
and replace the Washing Solution Bottle with a beaker filled with approximately 300ml of distilled 
water.  Unscrew the cap from the Washing Solution Bottle and connect it to the quick release 
mechanism.  Put the wash tubing in the beaker with distilled water. 
Check the Waste Bottle is empty before starting the process. 
1. In Install/Service mode press the number 9 key. 
2. [9. Maintenance?] Press the yes key. 
3. [1. Daily Maintenance?] Press the yes key. 
4. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step. 
This process takes approximately 6 minutes.  When the maintenance is completed, empty the 
Waste Bottle and the beaker. 
Empty the Waste Bottle to prevent overflow and contamination (for disposal of waste see 4.3). 
The ImmunoCAP Waste container is located in the Processing Chamber, to the left.  Press lid 
open and open the Processing Lid.  Pull out the container, empty it to the biohazard bin and put it 
back again.  Wash with 10% bleach and rinse with water whenever required. 
Take out the ImunoCAP Holder Disc and Elution Wells Disc and rinse them in distilled water.  Dry 
them with low-lint paper towel.  Note: the ImmunoCAP Holder Disc is fragile and should be 
handled carefully.  Wipe off the Processing Chamber with tissue. 
 
8.2 Weekly maintenance 
Weekly maintenance is done in order to clean the Washing Solution, Rinse Solution and Waste 
Bottles and the beaker used in daily maintenance to prevent blockage, growth and carry over. 
In general, it is the same procedure as the daily maintenance (refer to 7.1). 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 7 key. 
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2. [7. Weekly Maintenance?] Press the yes key. 
3. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step.  This 
process takes approximately 6 minutes. 
4. When the weekly maintenance procedure is finished, empty and clean the Washing 
Solution and Rinse Solution.  Press the enter key to confirm this step. 
 
8.3 Monthly maintenance 
A monthly maintenance cleaning procedure is done in order to reduce the risk of growth and 
transmission of infections.  The following points are included in the monthly maintenance: 
 Cleaning procedure 
 Lubrication of o-rings 
 Cleaning of Sample Carousel 
 Outside cleaning 
 Deletion of instrument log files. 
ImmunoCAP Maintenance Solution Kit is required. 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 2 key. 
2. [2. Monthly Maintenance?] Press the yes key. 
3. [Load 4 CheckCAPs IN POS 1-4] Press lid open and open the Processing Lid.  Place 
four CheckCAPs in positions 1 to 4 in the ImmunoCAP Holder Disc and close the 
Processing Lid.  Press enter key to confirm this step. 
4. Fill a clean and empty conjugate vial with 5 mL of Washing Solution and place the vial in 
the Sample Carousel in position G.  Press the enter key to confirm this step. 
5. Add 1 mL of antifoam in the Waste Bottle.  Press the enter key to confirm this step. 
6. Fill the empty Rinse Solution, Washing Solution and Waste Bottles, each with 200 mL 
Washing Solution.  Shake the bottles gently and connect them to the instrument.  Press 
the enter key to confirm this step. 
7. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
8. When the cleaning procedure is finished, rinse the Washing solution, Rinse Solution 
Bottles and their bottle caps 5 times with tap water and finally 1 time with distilled water.  
Press the enter key to confirm this step. 
9. Press the enter key.  Fill the Rinse Solution and Washing Solution Bottles with 350ml of 
distilled water each. 
10. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
A97 
 
11. When the Monthly Maintenance Wash is finished, press lid open and open the 
Processing Lid.  Take out the ImmunoCAP Holder Disc and discard the four CheckCAPs.  
Take out the Elution Wells Disc and the Drainage filter and place them in the Washing 
solution.  Leave them in the Washing solution for 30 minutes.  Press the enter key to 
confirm this step. 
12. At the same time, remove the Sample Carousel and place it in the Washing solution for 
30 minutes.  Rinse thoroughly with tap water and dry with a paper towel. 
13. Disconnect and empty the Washing Solution, Rinse Solution and Waste Bottle.  Press the 
enter key to confirm this step. 
14. Rinse the ImmunoCAP Holder Disc, Elution Wells Disc and the Drainage Filter with 
distilled water thoroughly.  Dry them with low-lint paper towels and replace them to the 
Processing Chamber. 
15. Disconnect the tubings from the Washing Solution, Rinse Solution and Waste Bottles.  
Lubricate the O-rings on the bottle connections of the bottle with grease.  Press the enter 
key to confirm this step. 
16. Wipe off the Sample Carousel compartment with 70% ethanol. 
17. Restart the instrument to maintain a good performance of the internal hard disk.  Switch 
ImmunoCAP 100 off, wait 10 seconds and switch the instrument on again. 
 
9.0 CALCULATION 
Results were calculated based on the calibration curve (Fig. 1).  The calibration curve was 
generated using the specific IgG4 calibration kit (0, 3, 15, 35, 120 and 300 g/L) and is required to 
perform monthly.  Two curve controls with known concentrations (CC1 – 15, CC2 – 120) are 
included in every run when calibrators are not present. 
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Figure 1: Specific IgG4 Calibration Curve. 
 
10.0 REPORTING 
Data and results are saved in the IDM. 
 
11.0 POINTS OF IMPORTANCE 
 Calibrators and curve controls are single dose and must be thrown away after each assay 
run. 
 Make sure that there are no air bubbles on the surface of the reagents and samples. 
 Be sure that the volume of samples and reagents are sufficient (for examples of residual 
volumes for different tubes, see chapter 3 of the ImmunoCAP 100 User Manual). 
 Make sure the right reagent/sample is loaded in the correct position (see distribution list). 
 Ensure that the correct ImmunoCAP gets loaded. 
 Check the volume of Rinse Solution and Washing Solution.  Make sure that the tube 
connections are pressed down enough to obtain a vacuum. 
 Remember to empty the ImmunoCAP Waste Container after each run. 
 The Waste Bottle must be emptied after each run. 
 If there is some unusual noise during ImmunoCAP Well loading, open the processing lid 
and check ImmunoCAP for presence and position. 
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 If there are any error messages on the laboratory report, check the results of the 
corresponding ImmunoCAP. 
 Before closing the processing lid, make sure that the wash rake is well above the 
ImmunoCAP Carousel.  The wash rake can be moved manually.  Check the ImmunoCAP 
100 User Manual. 
 
12.0 APPENDIX 
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SOP 3: Streptavidin Specific IgE 
1.0 PRINCIPLE 
Human blood samples were collected and assembled by clinicians from Barwon Health.  Serum 
samples were analysed for specific IgE against wheat and spelt allergens using the ImmunoCAP 
100 instrument. 
 
2.0 SCOPE 
This procedure applies to research applications certified under ISO9001:2008.  Research 
experiments are followed as described in the ImmunoCAP 100 User Manual. 
 
3.0 REFERENCES 
3.1 Johansson, G. S. O., 2004.  ImmunoCAP specific immunoglobulin E test: tool for 
research and allergy diagnosis.  Experimental Review in Molecular Diagnostics, Volume 4 
(3), 89-95. 
3.2 Phadia, 2007.  ImmunoCAP 100 User Manual USA/English Instrument Version 1.0.  
Sweden. 
3.3 Phadia www.phadia.com 
3.4 Pharmacia Diagnostics www.us.diagnostics.com 
 
4.0 INTRODUCTION 
Allergic diseases are associated with an IgE antibody response against a foreign antigen (allergen).  
Exposure to environmental allergens may occur by contact with and/or breathing food allergens through 
eating.  Identification of allergens is difficult and requires a relatively high degree of specificity and 
sensitivity. 
Immunoglobulin E (IgE) mediated allergic diseases have increased rapidly over the years and affect the 
quality of life of millions of people at an enormous cost to society.  Accurately identifying the sensitising 
allergen and its sources is one of the cornerstones in the clinical management of allergic patients 
(Johansson, 2004).  Both scientists and clinicians urgently require simple and validated tests to determine 
the presence of sensitisation to identified allergens in individual patients or the prevalence of sensitisation 
in relevant populations (New Horizons Number 1, 2005). 
The new-generation ImmunoCAP technology design provides an extremely high binding capacity using 
the cellulose polymer sponge.  This capacity, along with extensive quality control measures, excellent 
allergen and reagent source materials, and calibration to WHO reference preparations, results in both 
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high sensitivity and high specificity for assays based on this technology.  In addition, the structural design 
of ImmunoCAP allows for automation and thorough elimination of unbound non-specific material in the 
reaction complex, resulting in highly reproducible, accurate, and quantitative results (Pharmacia 
Diagnostics). 
The ImmunoCAP specific IgE blood test can quantitatively determine what the patients are allergic to. 
 
5.0 APPARATUS & REAGENTS 
5.1 Equipment 
 Refer to manufacturer’s manual for use and care of equipment including:  
 ImmunoCAP 100 v1.0 
 ImmunoCAP printer paper 
 Computer loaded with IDM v4.13 
 Printer and paper 
 Laminar flow hood 
 Pipettes & tips (previously autoclaved) 
 16mm x 10mm borosilicate test tubes 
 Schott bottles 
 ELISA plates 
 ELISA plate reader 
 Desalting columns 
 50 mL falcon tubes 
 1.5 mL eppendorf tubes 
5.2 Reagents 
 BCA protein assay kit 
 NHS-PEO4-Biotinylation Kit 
 BupH PBS 
 Zeba Desalt Spin Column 
 Wash solution 
 Develop solution 
 Stop solution 
 Streptavidin caps o212 
 Human serum samples 
 IgE curve controls or specific IgE 0-100 calibrators 
 Specific IgE anti-IgE 
 Specific IgE 0-100 conjugate 
 Maintenance solution kit 
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6.0 SAFETY 
6.1 Personal protective equipment 
It is important to wear appropriate protective attire at all times when working with human blood. 
 Latex gloves 
 Safety glasses 
 Closed-toe shoes 
 Long pants 
 Lab coat 
 
6.2 Infectious substances 
All biological samples are to be treated as a potential hazard.  Human blood samples may contain 
a variety of infectious agents.  Proper attention and care must be taken. 
 
6.3 Disposal of human blood and items contaminated by blood 
All blood-related items (test tubes, pipette tips, gloves) are to be disposed in a biohazard waste 
bin. Once the bin is full, the waste bag is autoclaved and disposed of in the correct biohazard bin. 
Re-usable equipment that is in contact with blood, is to be soaked in 10% bleach solution for 20 
minutes and washed vigorously with water before hanging to dry. 
Diluted liquid waste is to be autoclaved and poured down the sink with overflowing water and 
10% bleach solution for 5 minutes. 
 
6.4 Blood emergency 
In the case of a spill, the spill area is to be covered with 10% bleach solution for 20 minutes 
before wiping up.  Contaminated materials are to be put into the biohazard waste bin. 
If blood gets on skin, the skin is to be washed vigorously with disinfectant soap and water, and 
contaminated clothes is to be removed.  Institute officer in charge James Bell is to be contacted 
(Ph: 9351 8801; Mob: 0411 146 738) and medical attention sought. 
 
Camden Hospital 
Menangle Road, Camden NSW 2570 
Ph: (02) 4634 3000 
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6.5 Electricity 
The ImmunoCAP 100 and Information Data Manger (IDM) computer are connected to electric 
power points thus care should be taken to avoid the risk of electrocution. 
 
7.0 PROCEDURE 
 7.1 Determination of Protein Concentration 
Protein concentration can be determined using the bicinchoninic acid (BCA) protein assay kit. 
1. Prepare diluted 0-2 mg/mL albumin (BSA) standards from one of the provided 
ampoules. 
2. Prepare BCA working reagent by mixing 50 parts of reagent A with 1 part of reagent 
B. 
3. Pipette 25 L of each standard or unknown sample replicate into a microplate well 
4. Add 200 L of the BCA working reagent to each well and mix the plates on a shaker 
for 30 sec 
5. Cover plate and incubate at 37°C for 30 min or 2 h at room temperature 
6. Measure the absorbance at or near 562 nm (540-590 nm) on a plate reader. 
 
 7.2 Biotinylation of Proteins 
Proteins can be biotinylated using the NHS-PEO4-Biotinylation Kit.  A 20-fold molar excess of 
biotin per 1-10 mg/mL protein sample is recommended. 
1. Dissolve 1-10 mg protein in 0.5-2 mL of phosphate-buffered saline (PBS).  Prepare 
the BupH PBS as directed on the package label (100 mM sodium phosphate, 150 
mM sodium chloride pH 7.2). 
2. Cut off one microtube of NHS-PEO4-Biotin from the No-Weigh Microtube Strip.  
Prepare a 20 mM solution of NHS-PEO4-Biotin, using a pipette tip, puncture the foil 
top on the biotin reagent microtube; add 170 l of water and mix. 
3. Add the appropriate volume of NHS-PEO4-Biotin solution to the protein (see 
calculation below) 
mmol Biotin (A) = [mL protein x (protein concentration) x (20-fold)] / protein MW 
l Biotin solution = A x (B) x (C) 
A = mmol of biotin calculated above 
B = 589 (molecular weight of NHS-PEO4-Biotin) 
C = 85 [170 L water in each 2.0 mg microtube of NHS-PEO4-Biotin] 
4. Incubate reaction on ice for 2 h or at room temperature for 30-60 min. 
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 7.3 Removal of Excess Biotin Reagent 
Excess biotin reagent can be removed using the Zeba Desalt Spin Column. 
1. Break off and place the Zeba desalt spin column into a 15 mL collection tube.  
Centrifuge at 1,000 g for 2 min and discard the storage buffer. 
2. Equilibrate the column with 2.5 ml of PBS to the top of the resin bed and centrifuge at 
1,000 g for 2 min.  Discard the flow-through and repeat 2-3 times. 
3. Place the column into a new 15 mL collection tube and apply protein sample directly 
on the centre of the resin bed.  Allow the samples to absorb into the resin.  For 
samples < 1 mL, add 100 L ultrapure water on top of the absorbed sample to 
increase the protein recovery. 
4. Centrifuge the column at 1,000 g for 2 min.  The collected flow-through solution is the 
purified protein sample. 
 7.4 Estimation of Biotin Incorporation 
 7.4.1 Cuvette Format 
1. Pipette 900 L of HABA/Avidin solution (100 mg of avidin and 600 L of 10 mM 
HABA to 19.4 mL of PBS) in a 1 mL cuvette. 
2. Measure the absorbance of the solution in the cuvette at 500 nm and record the 
values as A500 HABA/Avidin. 
3. Add 100 L of biotinylated protein sample to the cuvette containing HABA/Avidin and 
mix well. 
4. Measure the absorbance of the solution in the cuvette at 500 nm.  Once the value 
remains fairly constant for at least 15 sec, record the value as A500 
HABA/Avidin/Biotin sample. 
 7.4.2 Microplate Format 
1. Pipette 180 L of HABA/Avidin solution into a microplate and measure the 
absorbance at 500 nm and record the values as A500 HABA/Avidin. 
2. Add 20 L of biotinylated protein sample to the well containing HABA/Avidin and mix 
well. 
3. Measure the absorbance of the solution at 500 nm.  Once the value remains fairly 
constant for at least 15 sec, record the value as A500 HABA/Avidin/Biotin sample. 
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 7.4.3 Calculation for moles of biotin per mole of protein 
1. Calculation #1: concentration of biotinylated protein in mmol/mL = calc#1 
mmol protein per mil = protein concentration (mg/mL)/MW of protein 
(mg/mmol) 
2. Calculation #2: change in absorbance at 500 nm 
Cuvette A500 = (0.9 x A500 H/A) – (A500 H/A/B) = calc#2 
Microplate A500 = (A500 H/A) – (A500 H/A/B) = calc#2 
3. Calculation #3: concentration of biotin in mmol per ml of reaction mixture 
mmol biotin/mL reaction mixture = A500/(34,000 x b) = calc #2/(34,000 x b) = 
calc#3 
b = 1 with cuvette format; b = 0.5 with microplate format 
4. Calculation #4: mmol of biotin per mmol of protein 
= mmol biotin in original sample/mmol protein in original sample 
= (mmol per mL biotin in reaction mixture x 10 x dilution factor)/mmol per mL 
protein in original sample 
= (calc#3 x 10 x dilution factor)/calc#1 
 
 7.5 Pre-wash Streptavidin ImmunoCAP 
1. Fill up the washing and rinse solutions. 
2. Dilute biotinylated proteins to suitable working concentrations. 
3. Open the processing lid and place the correct number of streptavidin caps (divisible 
by 4) and close the lid. 
4. Choose 6.1.1 (on the ImmunoCAP number pad). Log in? Press: Yes.  Write: 
UniQ00CAP and press enter. 
5. Choose 6.8.2.12. Run Procedure? Press: Yes 
6. Choose 6.8.2.13.3. Prime wash rake? Press: Yes. 
7. Repeat step 6.8.2.13.3. 
8. Choose 6.8.2.13.7. Pre-wash ImmunoCAP? Press: Yes. 
9. Number of ImmunoCAP? Type in the number of caps loaded and press enter. 
 
 7.6 Biotinylation Incubation 
During the 30 minutes of biotinylation incubation: 
1. Open the processing lid and pipette 50L biotinylated samples to each of the 
streptavidin cap.  Incubate for 30 minutes. 
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2. Prepare for an ordinary assay (see SOP 1 section 7.0).  At 1.3.3 (on the ImmunoCAP 
number pad). Load ImmunoCAP? Print a Distribution list (1.3.2) and manually 
rearrange the caps in the proper position. 
3. Choose 1.3.3. Load ImmunoCAP? Press: Yes.  When promted by the display to load 
the first ImmunoCAP, press shift + enter. 
4. When the display shows: All ImmunoCAP Loaded Manually? Press: Yes. 
5. Start assay run. 
 
8.0 MAINTENANCE 
Daily, weekly, and monthly maintenance are required to be performed regularly by operators in 
order to keep the instrument in good condition and to ensure the instrument's performance.  Refer 
to the ImmunoCAP 100 User Manual for further maintenance and troubleshooting procedures.  
 
8.1 Daily maintenance 
A daily rinse is done to prevent blockage, growth and carry over.  It is performed at the end of 
each day of ImmunoCAP 100 use or after each run (if more than 1 run per day has been 
performed). 
Disconnect the Washing Solution Bottle by using the quick release mechanism.  Rinse the bottle 
and replace the Washing Solution Bottle with a beaker filled with approximately 300ml of distilled 
water.  Unscrew the cap from the Washing Solution Bottle and connect it to the quick release 
mechanism.  Put the wash tubing in the beaker with distilled water. 
Check the Waste Bottle is empty before starting the process. 
1. In Install/Service mode press the number 9 key. 
2. [9. Maintenance?] Press the yes key. 
3. [1. Daily Maintenance?] Press the yes key. 
4. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step. 
This process takes approximately 6 minutes.  When the maintenance is completed, empty the 
Waste Bottle and the beaker. 
Empty the Waste Bottle to prevent overflow and contamination (for disposal of waste see 4.3). 
The ImmunoCAP Waste container is located in the Processing Chamber, to the left.  Press lid 
open and open the Processing Lid.  Pull out the container, empty it to the biohazard bin and put it 
back again.  Wash with 10% bleach and rinse with water whenever required. 
Take out the ImunoCAP Holder Disc and Elution Wells Disc and rinse them in distilled water.  Dry 
them with low-lint paper towel.  Note: the ImmunoCAP Holder Disc is fragile and should be 
handled carefully.  Wipe off the Processing Chamber with tissue. 
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8.2 Weekly maintenance 
Weekly maintenance is done in order to clean the Washing Solution, Rinse Solution and Waste 
Bottles and the beaker used in daily maintenance to prevent blockage, growth and carry over. 
In general, it is the same procedure as the daily maintenance (refer to 7.1). 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 7 key. 
2. [7. Weekly Maintenance?] Press the yes key. 
3. [PRESS ENTER TO START PROCESS] Press the enter key to confirm this step.  This 
process takes approximately 6 minutes. 
4. When the weekly maintenance procedure is finished, empty and clean the Washing 
Solution and Rinse Solution.  Press the enter key to confirm this step. 
 
8.3 Monthly maintenance 
A monthly maintenance cleaning procedure is done in order to reduce the risk of growth and 
transmission of infections.  The following points are included in the monthly maintenance: 
 Cleaning procedure 
 Lubrication of o-rings 
 Cleaning of Sample Carousel 
 Outside cleaning 
 Deletion of instrument log files. 
ImmunoCAP Maintenance Solution Kit is required. 
Check the Waste Bottle is empty before starting the process. 
1. In the Maintenance mode, press the number 2 key. 
2. [2. Monthly Maintenance?] Press the yes key. 
3. [Load 4 CheckCAPs IN POS 1-4] Press lid open and open the Processing Lid.  Place 
four CheckCAPs in positions 1 to 4 in the ImmunoCAP Holder Disc and close the 
Processing Lid.  Press enter key to confirm this step. 
4. Fill a clean and empty conjugate vial with 5 mL of Washing Solution and place the vial in 
the Sample Carousel in position G.  Press the enter key to confirm this step. 
5. Add 1 mL of antifoam in the Waste Bottle.  Press the enter key to confirm this step. 
6. Fill the empty Rinse Solution, Washing Solution and Waste Bottles, each with 200 mL 
Washing Solution.  Shake the bottles gently and connect them to the instrument.  Press 
the enter key to confirm this step. 
7. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
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8. When the cleaning procedure is finished, rinse the Washing solution, Rinse Solution 
Bottles and their bottle caps 5 times with tap water and finally 1 time with distilled water.  
Press the enter key to confirm this step. 
9. Press the enter key.  Fill the Rinse Solution and Washing Solution Bottles with 350ml of 
distilled water each. 
10. [PRESS ENTER TO START PROCESS] Press the enter key to start the cleaning 
procedure.  The procedure takes approximately 30 minutes.  
11. When the Monthly Maintenance Wash is finished, press lid open and open the 
Processing Lid.  Take out the ImmunoCAP Holder Disc and discard the four CheckCAPs.  
Take out the Elution Wells Disc and the Drainage filter and place them in the Washing 
solution.  Leave them in the Washing solution for 30 minutes.  Press the enter key to 
confirm this step. 
12. At the same time, remove the Sample Carousel and place it in the Washing solution for 
30 minutes.  Rinse thoroughly with tap water and dry with a paper towel. 
13. Disconnect and empty the Washing Solution, Rinse Solution and Waste Bottle.  Press the 
enter key to confirm this step. 
14. Rinse the ImmunoCAP Holder Disc, Elution Wells Disc and the Drainage Filter with 
distilled water thoroughly.  Dry them with low-lint paper towels and replace them to the 
Processing Chamber. 
15. Disconnect the tubings from the Washing Solution, Rinse Solution and Waste Bottles.  
Lubricate the O-rings on the bottle connections of the bottle with grease.  Press the enter 
key to confirm this step. 
16. Wipe off the Sample Carousel compartment with 70% ethanol. 
17. Restart the instrument to maintain a good performance of the internal hard disk.  Switch 
ImmunoCAP 100 off, wait 10 seconds and switch the instrument on again. 
 
9.0 CALCULATION 
Results were calculated based on the calibration curve (Fig. 1).  The calibration curve was 
generated using the calibration kit (0-100 kU/L) and is required to be performed monthly.  Two 
curve controls with known concentrations (CC1 – 0.7, CC2 – 17.5) are included in every run when 
calibrators are not present. 
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Figure 1: Specific IgE Calibration Curve. 
 
10.0 REPORTING 
Data and results are saved in the IDM. 
 
11.0 POINTS OF IMPORTANCE 
 Calibrators and curve controls are single dose and must be thrown away after each assay 
run. 
 Make sure that there are no air bubbles on the surface of the reagents and samples. 
 Be sure that the volume of samples and reagents are sufficient (for examples of residual 
volumes for different tubes, see chapter 3 of the ImmunoCAP 100 User Manual). 
 Make sure the right reagent/sample is loaded in the correct position (see distribution list). 
 Ensure that the correct ImmunoCAP gets loaded. 
 Check the volume of Rinse Solution and Washing Solution.  Make sure that the tube 
connections are pressed down enough to obtain a vacuum. 
 Remember to empty the ImmunoCAP Waste Container after each run. 
A110 
 
 The Waste Bottle must be emptied after each run. 
 If there is some unusual noise during ImmunoCAP Well loading, open the processing lid 
and check ImmunoCAP for presence and position. 
 If there are any error messages on the laboratory report, check the results of the 
corresponding ImmunoCAP. 
 Before closing the processing lid, make sure that the wash rake is well above the 
ImmunoCAP Carousel.  The wash rake can be moved manually.  Check the ImmunoCAP 
100 User Manual. 
 
12.0 APPENDIX 
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ImmunoCAP 100 Results 
 
Section 1: Speficic IgE results of the GOS cohort against wheat (f4) and milk (f2) 
antigens. 
ID No. Wheat (f4) Milk (f2) 
Response Conc. kU/L Response Conc. kU/L 
2102885 23.4 0.021 24.8 0.024 
2106014 34.8 0.046 23.7 0.022 
1103249 25.6 0.026 26.0 0.027 
1101867 22.1 0.018 23.0 0.020 
1103466 24.9 0.024 63.7 0.108 
1106066 17.2 0.008 21.5 0.017 
1100350 25.2 0.025 48.0 0.074 
1103617 29.8 0.035 30.5 0.036 
1101139 22.7 0.019 27.9 0.031 
1102986 17.9 0.009 22.4 0.019 
1104468 219.7 0.453 42.1 0.061 
1103299 20.1 0.014 23.7 0.022 
2170161 23.2 0.021 23.1 0.020 
1102815 45.1 0.068 18.6 0.011 
1106570 24.1 0.023 16.9 0.007 
1104263 19.8 0.013 15.1 0.004 
1100941 22.7 0.019 20.5 0.015 
1102594 53.6 0.086 18.0 0.010 
1102218 23.4 0.021 30.4 0.036 
1106749 19.6 0.013 16.9 0.007 
2160007 38.4 0.053 56.3 0.092 
1100851 19.2 0.012 28.6 0.032 
1108175 19.0 0.012 16.2 0.006 
1106446 859.9 1.900 35.4 0.047 
1102214 23.5 0.021 17.6 0.009 
1103003 23.5 0.021 16.3 0.006 
1102578 21.9 0.018 17.0 0.008 
1102757 39.1 0.055 179.8 0.364 
2160011 20.4 0.015 16.6 0.007 
	
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1103075 29.9 0.035 114.3 0.219 
1106823 24.9 0.024 37.2 0.051 
1100425 25.4 0.025 33.6 0.043 
1104699 16.9 0.007 17.2 0.008 
1107546 22.7 0.019 17.4 0.008 
1101394 22.3 0.019 17.0 0.008 
1102800 21.0 0.016 15.4 0.004 
1101661 18.6 0.011 15.5 0.004 
1100159 37.0 0.050 27.2 0.029 
1101494 17.8 0.009 15.1 0.004 
1108021 49.2 0.077 42.6 0.062 
1102175 22.2 0.018 19.3 0.012 
1107452 41.6 0.060 76.2 0.136 
1104469 19.6 0.013 18.5 0.011 
1104522 20.7 0.015 28.6 0.032 
2170100 19.7 0.013 16.7 0.007 
1102592 205.3 0.420 83.0 0.151 
1103460 103.5 0.196 24.2 0.023 
1106311 25.5 0.026 23.2 0.021 
1105710 71.4 0.125 21.3 0.017 
1100012 108.5 0.207 23.6 0.022 
1102079 25.6 0.026 20.3 0.014 
2106032 189.8 0.386 225.3 0.465 
1102912 97.6 0.183 36.4 0.049 
1102152 26.9 0.029 19.0 0.012 
1102792 30.5 0.036 19.9 0.014 
1102222 94.1 0.175 27.9 0.031 
1102720 NA       
1101949 37.8 0.052 49.5 0.077 
1100174 38.4 0.053 22.3 0.019 
1103479 34.2 0.044 45.5 0.069 
1106100 36.8 0.050 36.7 0.050 
1101099 23.1 0.020 50.5 0.080 
1103705 23.4 0.021 21.0 0.016 
1103171 31.2 0.038 29.2 0.034 
1102421 29.2 0.034 28.0 0.031 
1102915 78.2 0.140 30.5 0.036 
1101789 23.7 0.022 22.5 0.019 
1106452 106.2 0.202 47.4 0.073 
1105190 22.1 0.018 20.5 0.015 
1100959 21.70 0.017 17.05 0.008 
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1101554 21.58 0.017 19.91 0.014 
2165040 20.98 0.016 37.07 0.051 
1102857 23.25 0.021 52.21 0.083 
1102012 23.25 0.021 48.76 0.076 
1102838 110.51 0.211 93.58 0.174 
1102510 70.45 0.123 19.07 0.012 
2165039 23.25 0.021 21.34 0.017 
1102422 52.57 0.084 37.43 0.051 
1107236 21.34 0.017 18.24 0.010 
1100060 21.10 0.016 20.74 0.015 
1104497 97.28 0.182 104.31 0.197 
1100590 18.36 0.010 16.57 0.007 
1101427 29.68 0.035 23.37 0.021 
1103447 25.87 0.026 127.79 0.249 
1101263 29.92 0.035 19.43 0.013 
1100015 28.01 0.031 21.46 0.017 
2107024 34.81 0.046 22.05 0.018 
1102349 18.24 0.010 15.14 0.004 
1101497 100.14 0.188 34.33 0.045 
1107531 18.12 0.010 14.42 0.002 
1100292 24.80 0.024 14.19 0.002 
1102100 37.19 0.051 33.86 0.044 
2165022 20.98 0.016 19.43 0.013 
1108712 20.27 0.014 18.48 0.011 
1107272 21.34 0.017 23.13 0.020 
1104404 19.07 0.012 24.32 0.023 
1105427 31.47 0.038 32.19 0.040 
1105363 57.82 0.096 28.97 0.033 
1100738 25.39 0.025 17.88 0.009 
1105576 21.93 0.018 17.29 0.008 
1103614 42.68 0.063 22.41 0.019 
1108319 17.52 0.009 17.29 0.008 
1108157 16.33 0.006 19.67 0.013 
1100111 147.23 0.292 88.10 0.162 
1100269 64.14 0.109 41.49 0.060 
1106212 22.77 0.020 18.48 0.011 
1100605 30.28 0.036 26.58 0.028 
1100003 28.37 0.032 25.03 0.025 
1108696 16.93 0.007 29.45 0.034 
1105312 NA       
1102090 21.70 0.017 17.29 0.008 
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2120258 23.37 0.021 35.05 0.046 
2100130 25.51 0.026 17.52 0.009 
2170212 18.36 0.010 34.69 0.045 
1100700 200.51 0.410 22.65 0.019 
1105574 16.57 0.007 25.15 0.025 
1102327 1587.06 3.589 167.73 0.337 
1104084 23.72 0.022 24.56 0.024 
1100185 20.98 0.016 18.36 0.010 
1100215 48.76 0.076 19.19 0.012 
1105332 17.52 0.009 18.00 0.010 
1108717 19.91 0.014 60.56 0.102 
2160002 19.67 0.013 16.33 0.006 
1101217 19.07 0.012 16.57 0.007 
1103319 39.34 0.055 20.27 0.014 
1103060 23.13 0.020 26.23 0.027 
1101487 33.86 0.044 26.82 0.028 
1101517 17.88 0.009 19.79 0.013 
1103346 24.08 0.023 77.49 0.139 
1103972 21.70 0.017 20.27 0.014 
1103542 17.64 0.009 19.67 0.013 
1103690 31.59 0.039 18.36 0.010 
2140003 18.60 0.011 21.70 0.017 
1100214 118.97 0.230 17.05 0.008 
1102649 19.79 0.013 15.86 0.005 
2104251 23.37 0.021 26.58 0.028 
1100207 21.10 0.016 16.81 0.007 
2104929 20.98 0.016 17.29 0.008 
1100162 18.72 0.011 18.36 0.010 
1100319 37.31 0.051 60.92 0.102 
2170116 27.66 0.017 36.84 0.035 
2102171 1267.93 2.663 67.47 0.095 
1105113 26.58 0.015 27.18 0.016 
2105456 22.77 0.008 27.06 0.016 
1100140 NA       
2100995 125.05 0.210 24.32 0.011 
2103106 152.35 0.265 26.35 0.015 
2165008 23.72 0.010 32.43 0.026 
2170086 26.70 0.015 19.79 0.003 
2105555 25.27 0.013 29.80 0.021 
2101879 34.09 0.029 53.76 0.068 
2103496 25.03 0.012 21.34 0.005 
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1101937 114.44 0.188 32.07 0.026 
2104446 41.60 0.044 33.50 0.028 
2180339 271.09 0.509 25.15 0.013 
1100673 27.66 0.017 75.46 0.110 
1104843 141.86 0.244 115.63 0.191 
1101480 21.58 0.006 22.65 0.008 
2106159 154.74 0.270 226.50 0.417 
1104149 20.03 0.003 16.33 0.000 
1100517 28.61 0.019 22.65 0.008 
1103602 47.92 0.056 20.39 0.004 
1107684 20.15 0.003 16.57 0.000 
1101559 20.74 0.004 18.36 0.000 
2180346 45.06 0.051 47.45 0.055 
2170210 23.01 0.009 19.91 0.003 
1101942 66.16 0.092 300.53 0.570 
2102865 37.43 0.036 74.27 0.108 
2170044 20.39 0.004 20.86 0.005 
1102197 20.62 0.004 22.89 0.008 
1105160 24.92 0.012 23.48 0.009 
1101587 18.36 0.000 16.57 0.000 
1108707 26.35 0.015 23.72 0.010 
2170228 NA       
1100045 19.67 0.002 17.29 0.000 
1108721 28.61 0.019 20.15 0.003 
2170104 21.46 0.006 20.86 0.005 
1103576 91.20 0.142 19.43 0.002 
1103727 NA       
2105080 82.73 0.125 21.82 0.006 
1108186 25.39 0.013 36.12 0.033 
2103516 23.25 0.009 19.43 0.002 
2103871 38.98 0.039 36.36 0.034 
2170117 19.43 0.002 17.64 0.000 
2170078 43.87 0.048 35.17 0.032 
2106075 298.15 0.565 23.84 0.010 
2106729 29.80 0.021 52.81 0.066 
2102768 34.45 0.030 15.97 0.000 
2160014 378.38 0.733 16.81 0.000 
2103420 22.41 0.007 18.12 0.000 
2106465 43.99 0.049 268.58 0.504 
2103365 22.53 0.008 58.41 0.077 
2165010 25.03 0.012 19.55 0.002 
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2105693 356.32 0.687 22.05 0.007 
1101822 30.88 0.023 17.29 0.000 
2107103 16.57 0.000 23.60 0.010 
2104284 29.33 0.020 64.85 0.089 
2170195 23.84 0.010 23.60 0.010 
2160008 24.20 0.011 19.07 0.001 
1108170 25.15 0.013 21.46 0.006 
2170058 22.77 0.008 18.24 0.000 
2170157 137.21 0.234 490.43 0.970 
1107443 24.08 0.011 18.60 0.000 
2103089 25.27 0.013 36.84 0.035 
2170124 42.44 0.046 57.34 0.075 
2101132 35.29 0.032 18.36 0.000 
2107159 23.60 0.010 16.09 0.000 
2100794 19.43 0.002 16.81 0.000 
2170219 17.88 0.000 16.81 0.000 
1101633 17.88 0.000 106.34 0.172 
2104669 20.27 0.003 20.62 0.004 
1102951 22.17 0.007 18.72 0.000 
1100677 20.15 0.003 19.55 0.002 
1102429 19.67 0.002 24.32 0.011 
1102783 33.26 0.028 39.70 0.040 
1103000 21.82 0.006 25.15 0.013 
1100522 50.31 0.061 18.60 0.000 
1100721 21.93 0.007 21.82 0.006 
1100778 308.04 0.586 34.81 0.031 
1103992 30.399 0.022 30.637 0.023 
1108680 25.034 0.012 30.518 0.023 
2160003 288.85 0.546 27.776 0.017 
2180349 26.82 0.016 30.518 0.023 
2170024 23.37 0.009 15.736 0.000 
2135074 204.57 0.372 17.643 0.000 
2102166 24.44 0.011 22.173 0.007 
2100938 24.68 0.012 35.167 0.032 
2103904 206.47 0.376 82.017 0.123 
1103550 52.57 0.065 31.114 0.024 
2104396 25.63 0.013 22.531 0.008 
2103724 45.54 0.052 103.237 0.166 
1100353 282.29 0.532 64.732 0.089 
2102393 31.71 0.025 114.800 0.189 
2102639 26.23 0.015 18.001 0.000 
A118 
 
2105821 25.03 0.012 18.716 0.000 
1101650 24.92 0.012 23.961 0.010 
2180193 23.96 0.010 16.570 0.000 
1103943 21.22 0.005 31.114 0.024 
2106272 26.35 0.015 23.961 0.010 
2104123 72.60 0.105 15.974 0.000 
2100018 31.23 0.024 18.239 0.000 
1103890 20.74 0.004 15.259 0.000 
2180165 59.25 0.078 38.03 0.037 
2160010 35.17 0.032 36.00 0.033 
2170001 25.99 0.014 150.56 0.261 
2106592 25.39 0.013 20.86 0.005 
2106088 51.98 0.064 34.09 0.029 
2165021 25.15 0.013 23.72 0.010 
2105290 99.90 0.159 191.69 0.345 
2105965 143.65 0.247 40.77 0.042 
2170039 44.82 0.050 24.20 0.011 
2101965 21.46 0.006 21.58 0.006 
2100747 21.70 0.006 24.08 0.011 
2101850 40.17 0.041 32.43 0.026 
2107050 23.60 0.010 30.16 0.022 
2102579 21.46 0.006 64.49 0.089 
2107234 18.12 0.000 26.94 0.016 
1104626 19.67 0.002 28.61 0.019 
2165013 20.27 0.003 24.56 0.011 
2101771 19.91 0.003 22.29 0.007 
2165045 21.34 0.005 23.84 0.010 
1104073 34.69 0.031 302.08 0.574 
2180042 39.22 0.039 58.18 0.076 
2102513 22.77 0.008 22.29 0.007 
2103562 20.98 0.005 24.56 0.011 
2165033 36.60 0.034 23.72 0.010 
2104309 NA       
1101378 42.92 0.046 26.82 0.016 
2103096 3346.73 7.526 49.95 0.060 
2104104 25.03 0.012 25.75 0.014 
1106330 43.51 0.048 41.13 0.043 
1104042 25.63 0.013 28.61 0.019 
2106175 24.32 0.011 27.42 0.017 
2104735 21.93 0.007 24.08 0.011 
2102356 27.90 0.018 27.06 0.016 
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2135029 21.22 0.005 23.72 0.010 
2104898 220.42 0.404 55.55 0.071 
2102295 25.63 0.013 36.60 0.034 
2105792 31.23 0.024 26.11 0.014 
2103434 21.93 0.007 23.01 0.009 
2106894 23.48 0.009 22.65 0.008 
1100135 25.87 0.014 24.32 0.011 
1107189 24.80 0.012 21.82 0.006 
1100300 102.40 0.164 43.75 0.048 
2106007 21.10 0.005 36.60 0.034 
2155015 32.07 0.026 36.36 0.034 
2105625 30.40 0.022 80.47 0.120 
2100048 22.65 0.008 22.41 0.007 
1104906 22.05 0.007 23.01 0.009 
2101464 41.13 0.043 24.68 0.012 
2100286 24.20 0.011 25.75 0.014 
2155012 31.47 0.024 42.92 0.046 
2102129 21.46 0.006 24.56 0.011 
2106620 23.84 0.010 23.72 0.010 
2104813 24.80 0.012 22.77 0.008 
2100563 NA       
2104359 30.52 0.023 18.84 0.000 
2103563 79.87 0.119 1400.49 2.959 
1108106 34.21 0.030 27.18 0.016 
1100927 35.05 0.031 89.41 0.138 
2105380 22.41 0.007 19.07 0.001 
2101092 28.73 0.019 21.10 0.005 
2170154 85.12 0.130 592.84 1.188 
2170177 140.67 0.241 133.75 0.227 
2101466 18.84 0.000 18.60 0.000 
2102882 18.00 0.000 15.86 0.000 
2103556 34.69 0.031 49.47 0.059 
2170097 26.11 0.014 21.10 0.005 
1102223 24.80 0.012 24.68 0.012 
1101749 24.32 0.011 21.58 0.006 
1105371 25.51 0.013 25.27 0.013 
1100087 21.34 0.005 21.10 0.005 
1102734 23.25 0.009 24.20 0.011 
2104227 22.53 0.008 19.67 0.002 
2155004 194.43 0.351 79.04 0.117 
2104052 25.15 0.013 22.41 0.007 
A120 
 
1108280 20.86 0.005 25.03 0.012 
2106193 24.56 0.011 23.72 0.010 
2140038 20.74 0.004 22.29 0.007 
1102022 21.93 0.007 23.01 0.009 
1100063 23.13 0.009 23.37 0.009 
1108139 23.25 0.009 21.93 0.007 
1100121 20.86 0.005 20.03 0.003 
2104078 20.74 0.004 57.10 0.074 
2102870 25.03 0.012 33.86 0.029 
2125246 81.54 0.122 30.88 0.023 
1103528 23.13 0.009 24.92 0.012 
2165009 19.67 0.002 23.25 0.009 
1105773 20.27 0.003 30.04 0.022 
1107323 19.67 0.002 35.88 0.033 
2170054 24.80 0.012 31.59 0.025 
1103400 20.27 0.003 23.37 0.009 
2180043 18.84 0.000 21.82 0.006 
2106779 24.56 0.011 29.92 0.022 
2170196 24.32 0.011 23.48 0.009 
1100708 25.15 0.013 23.13 0.009 
2170146 25.51 0.013 23.37 0.009 
2102241 20.74 0.004 24.92 0.012 
2104642 22.65 0.008 24.44 0.011 
1101295 19.07 0.001 30.40 0.022 
1101900 68.55 0.097 119.45 0.198 
1102796 62.59 0.085 20.86 0.005 
2106018 90.12 0.140 38.15 0.037 
1101780 21.58 0.006 86.31 0.132 
2155011 21.82 0.006 28.25 0.018 
2125146 22.77 0.008 27.78 0.017 
2105207 60.80 0.081 41.49 0.044 
1103258 35.17 0.032 29.56 0.021 
2106161 21.70 0.006 25.39 0.013 
1100722 40.41 0.042 25.63 0.013 
1100083 24.68 0.012 56.98 0.074 
1101429 NA       
1104604 26.94 0.016 27.18 0.016 
1108354 25.63 0.013 35.29 0.032 
1104212 32.43 0.026 25.63 0.013 
2180280 NA       
1108152 83.81 0.127 43.39 0.047 
A121 
 
1103820 NA       
1106187 25.99 0.014 22.53 0.008 
1104723 43.75 0.048 41.13 0.043 
1104260 23.72 0.010 107.89 0.175 
2140004 186.21 0.334 49.95 0.060 
1103202 23.72 0.010 22.17 0.007 
2100702 20.39 0.004 22.89 0.008 
2170200 28.25 0.018 20.74 0.004 
1103162 21.58 0.006 25.75 0.014 
1102450 40.29 0.041 28.85 0.019 
2102382 211.36 0.386 23.72 0.010 
1108160 32.66 0.027 23.72 0.010 
1105952 21.46 0.006 22.29 0.007 
1108808 24.44 0.011 27.42 0.017 
1106459 29.92 0.022 29.09 0.020 
2106437 63.30 0.086 52.81 0.066 
1104195 25.51 0.013 22.53 0.008 
1100014 43.87 0.048 45.06 0.051 
1104495 141.86 0.244 188.23 0.338 
1100842 20.98 0.005 22.17 0.007 
1104167 26.58 0.015 25.03 0.012 
1100775 32.54 0.027 30.28 0.022 
1108652 20.62 0.004 28.97 0.020 
2170089 21.70 0.006 36.48 0.034 
1102460 20.03 0.003 47.92 0.056 
1102036 66.16 0.092 71.05 0.102 
1100711 22.53 0.008 33.98 0.029 
2103941 136.50 0.233 89.53 0.138 
2103154 56.98 0.074 23.01 0.009 
2102312 28.85 0.019 27.54 0.017 
1101469 679.74 1.374 90.84 0.141 
2170084 19.67 0.002 21.82 0.006 
1108167 29.80 0.021 28.01 0.018 
1108720 20.74 0.004 20.27 0.003 
1100029 23.60 0.010 22.29 0.007 
1103438 26.46 0.015 29.21 0.020 
1102651 23.13 0.009 22.41 0.007 
NA 26.58 0.015 23.37 0.009 
2135036 19.55 0.002 18.95 0.001 
2105644 2672.12 5.896 64.85 0.089 
1100556 1142.76 2.385 36.12 0.033 
A122 
 
1101058 37.31 0.036 36.96 0.035 
1100416 22.53 0.008 22.29 0.007 
1104305 27.06 0.016 22.17 0.007 
1101284 24.56 0.011 22.53 0.008 
1102355 58.89 0.078 24.56 0.011 
1103155 812.42 1.661 30.88 0.023 
1100146 34.45 0.030 38.39 0.038 
1101579 22.05 0.007 20.62 0.004 
2125277 24.08 0.011 26.46 0.015 
1100790 25.39 0.013 23.37 0.009 
2170101 24.80 0.012 26.58 0.015 
2135031 15.74 0.000 23.84 0.010 
1100114 18.12 0.000 21.46 0.006 
2170221 532.28 1.059 569.71 1.138 
1105598 22.65 0.008 36.24 0.034 
2103597 21.93 0.007 24.92 0.012 
1108183 18.95 0.001 23.84 0.010 
2104680 18.36 0.000 19.91 0.003 
1101586 26.94 0.016 21.82 0.006 
1101698 21.70 0.006 24.20 0.011 
1108234 20.50 0.004 23.13 0.009 
1103012 24.08 0.011 28.85 0.019 
1102191 35.76 0.033 26.35 0.015 
1104116 26.35 0.015 82.73 0.125 
1100432 20.39 0.004 19.91 0.003 
1106681 25.87 0.014 163.92 0.289 
1108104 22.77 0.008 29.68 0.021 
2102797 1664.19 3.554 263.10 0.493 
1100340 24.44 0.011 22.53 0.008 
1101679 23.13 0.009 23.48 0.009 
1100781 35.41 0.032 50.19 0.061 
1100279 22.05 0.007 26.70 0.015 
1102259 20.86 0.005 35.05 0.031 
2105789 30.52 0.023 44.70 0.050 
1103552 48.28 0.057 33.02 0.027 
2106636 55.55 0.071 30.40 0.022 
1102147 28.97 0.020 26.82 0.016 
2160018 23.96 0.010 22.41 0.007 
1101402 24.44 0.011 37.19 0.035 
1101784 20.98 0.005 22.53 0.008 
1103345 80.71 0.121 24.80 0.012 
A123 
 
2135001 18.48 0.000 22.77 0.008 
2107290 23.48 0.009 23.60 0.010 
2180136 20.86 0.005 25.39 0.013 
2160001 28.85 0.019 21.82 0.006 
1102454 27.78 0.017 25.63 0.013 
1100600 572.33 1.144 41.84 0.044 
1108529 20.39 0.004 25.27 0.013 
2105063 919.95 1.895 76.65 0.113 
1103452 24.44 0.011 32.19 0.026 
2102452 104.43 0.168 29.21 0.020 
2101992 23.25 0.009 24.44 0.011 
1106493 30.04 0.022 29.45 0.021 
1106388 24.56 0.011 24.56 0.011 
1101689 29.21 0.020 51.98 0.064 
1100058 22.17 0.007 22.53 0.008 
2180117 25.75 0.014 23.01 0.009 
2180201 20.27 0.003 20.74 0.004 
2102514 67.95 0.096 167.97 0.297 
1101996 38.51 0.038 50.78 0.062 
1102118 56.63 0.073 137.21 0.234 
2125011 24.92 0.012 27.90 0.018 
1100987 NA       
2100393 70.93 0.101 23.13 0.009 
1108190 19.43 0.002 22.65 0.008 
2140044 22.05 0.007 28.37 0.019 
2160019 20.39 0.004 21.22 0.005 
1102733 28.13 0.018 28.85 0.019 
1102331 41.01 0.043 22.53 0.008 
1102743 21.34 0.005 20.39 0.004 
2104189 32.31 0.026 54.84 0.070 
1108623 26.11 0.014 27.30 0.017 
1102719 36.24 0.034 41.72 0.044 
1108785 28.85 0.019 65.80 0.091 
2170238 22.65 0.008 21.58 0.006 
1104275 25.63 0.013 25.15 0.013 
2102975 46.73 0.054 31.35 0.024 
2102964 23.60 0.010 24.80 0.012 
2105401 24.32 0.011 22.41 0.007 
2107229 23.60 0.010 24.08 0.011 
1101062 24.44 0.011 24.32 0.011 
1103293 51.74 0.064 25.63 0.013 
A124 
 
2104937 21.10 0.005 21.46 0.006 
1101424 23.84 0.010 25.99 0.014 
1104210 30.16 0.022 26.35 0.015 
2105040 25.27 0.013 58.77 0.077 
1100774 41.96 0.045 23.84 0.010 
1100735 23.25 0.009 22.05 0.007 
2180254 23.25 0.009 37.07 0.035 
1106821 21.82 0.006 19.91 0.003 
1100098 21.82 0.006 20.03 0.003 
1101519 2131.97 3.965 626.45 1.109 
1101108 27.30 0.022 22.53 0.013 
2100975 23.48 0.015 29.80 0.026 
2135050 23.60 0.015 25.63 0.019 
1106760 25.03 0.018 22.53 0.013 
1106412 22.05 0.012 32.90 0.032 
1102394 25.27 0.018 23.37 0.015 
1101960 23.25 0.015 21.58 0.012 
1103589 20.50 0.010 22.17 0.013 
1107436 26.23 0.020 58.65 0.078 
1101387 25.03 0.018 33.26 0.032 
1103607 23.48 0.015 33.74 0.033 
2165015 28.37 0.024 33.74 0.033 
2106961 26.23 0.020 28.97 0.025 
1101170 26.35 0.020 25.87 0.019 
1108632 32.54 0.031 48.52 0.060 
2135058 109.08 0.168 46.13 0.055 
1106593 27.42 0.022 28.01 0.023 
2105573 141.03 0.226 48.28 0.059 
1108564 34.09 0.034 27.30 0.022 
1108304 1259.82 2.289 56.98 0.075 
1100963 31.95 0.030 26.70 0.021 
2170118 107.77 0.166 35.64 0.037 
1103377 29.09 0.025 38.86 0.042 
2105416 27.66 0.022 25.27 0.018 
2135049 172.26 0.282 36.60 0.038 
1101462 39.58 0.044 36.72 0.039 
2104919 38.51 0.042 41.25 0.047 
1105686 21.22 0.017 21.34 0.020 
1102371 20.74 0.016 18.24 0.014 
1102267 24.44 0.023 29.09 0.036 
1100305 27.90 0.031 19.43 0.016 
A125 
 
1103239 43.99 0.064 18.95 0.015 
1105288 26.70 0.028 91.43 0.165 
2125009 140.31 0.266 34.93 0.048 
1107069 46.49 0.069 64.61 0.110 
1105330 33.86 0.043 22.89 0.023 
1102121 22.77 0.020 15.38 0.008 
2120165 54.24 0.086 47.21 0.074 
2106381 23.13 0.021 53.53 0.087 
2104383 107.05 0.196 119.45 0.223 
2105772 19.91 0.014 23.72 0.025 
2105284 18.84 0.012 19.19 0.016 
2170162 1874.59 4.104 47.33 0.074 
1101841 18.24 0.011 19.79 0.017 
1103103 19.91 0.014 20.86 0.019 
1101722 26.94 0.029 53.41 0.086 
1105094 1529.48 3.312 60.32 0.101 
1100110 24.08 0.023 16.57 0.010 
1101525 0.00 0.000 17.05 0.011 
1102830 131.37 0.248 35.76 0.050 
1108796 38.03 0.052 42.32 0.063 
1102115 20.86 0.016 15.50 0.008 
2101302 22.41 0.019 18.48 0.014 
1104271 20.03 0.014 20.39 0.018 
1101197 28.97 0.033 24.08 0.026 
1103732 52.21 0.081 26.70 0.031 
1108791 32.07 0.039 31.11 0.040 
1100816 26.23 0.027 19.19 0.016 
2155014 92.51 0.166 21.58 0.021 
1103353 22.89 0.020 20.98 0.019 
1103803 19.31 0.013 51.62 0.083 
1101316 19.79 0.014 33.86 0.043 
1103764 20.27 0.015 23.13 0.021 
1101067 21.34 0.017 23.01 0.021 
2135076 20.62 0.016 22.77 0.020 
1103016 17.40 0.009 26.23 0.027 
1102598 21.93 0.018 56.74 0.091 
1100928 22.53 0.020 27.90 0.031 
1106037 24.68 0.024 31.71 0.039 
1100084 18.00 0.010 27.78 0.030 
1108528 25.63 0.026 20.50 0.015 
1107064 32.19 0.040 55.79 0.089 
A126 
 
2170168 34.45 0.044 20.98 0.016 
2107252 19.55 0.013 35.41 0.046 
1100362 219.94 0.435 23.96 0.022 
1102913 33.86 0.043 54.12 0.085 
1106251 55.79 0.089 45.42 0.067 
1100943 61.27 0.100 30.28 0.036 
1108057 52.69 0.082 17.64 0.009 
1100819 23.96 0.022 21.46 0.017 
1107727 30.16 0.035 15.74 0.005 
1107422 39.10 0.054 19.67 0.014 
1101248 24.44 0.023 20.15 0.015 
1105879 39.10 0.054 18.95 0.012 
1108024 22.17 0.019 22.29 0.019 
2104379 33.38 0.042 30.76 0.037 
2165041 26.94 0.029 23.13 0.021 
2101869 19.31 0.013 716.58 1.502 
1101372 55.91 0.089 19.79 0.014 
2106440 42.44 0.061 15.14 0.004 
2180270 23.37 0.021 18.84 0.012 
1102646 21.10 0.017 18.48 0.011 
2170185 21.22 0.017 18.24 0.011 
1100691 29.92 0.035 22.53 0.020 
1103028 31.71 0.039 15.02 0.004 
1102710 38.27 0.052 64.73 0.108 
1101319 113.37 0.210 18.48 0.011 
2102500 16.33 0.007 17.17 0.008 
1101712 21.46 0.017 25.99 0.027 
2100594 46.49 0.069 20.86 0.016 
1100455 35.29 0.046 20.03 0.014 
1100406 47.92 0.072 26.94 0.029 
2100141 23.48 0.021 19.79 0.014 
1106411 37.19 0.050 27.30 0.029 
2101450 48.88 0.074 54.72 0.087 
2100773 47.09 0.071 25.03 0.028 
1101787 45.66 0.068 26.58 0.031 
2103937 48.28 0.073 1467.37 3.113 
1103560 211.96 0.418 132.44 0.250 
1101693 850.69 1.795 53.64 0.087 
1100849 37.67 0.051 37.55 0.054 
1108414 74.63 0.128 20.62 0.019 
2100473 16.21 0.006 21.22 0.020 
A127 
 
1103708 25.75 0.026 17.40 0.012 
1104134 33.74 0.043 35.41 0.049 
2106993 19.67 0.014 14.42 0.006 
2125231 22.77 0.020 29.68 0.037 
1102893 22.53 0.020 26.35 0.030 
2102727 25.51 0.026 22.05 0.022 
1100099 20.74 0.016 26.46 0.031 
1100528 22.05 0.019 16.45 0.010 
1104708 164.27 0.317 45.54 0.070 
1101351 19.07 0.012 16.45 0.010 
1108768 284.91 0.573 24.08 0.026 
1102777 21.82 0.018 19.43 0.016 
1108788 22.65 0.020 19.31 0.016 
1102999 20.39 0.015 41.72 0.062 
1100977 31.59 0.038 22.29 0.022 
2102978 46.02 0.068 16.45 0.010 
1103511 35.88 0.047 33.62 0.045 
2102888 113.97 0.211 75.94 0.133 
1100713 44.82 0.066 21.34 0.020 
1108237 54.60 0.086 111.10 0.206 
1104715 20.50 0.015 18.60 0.014 
1107424 19.55 0.013 18.00 0.013 
2170216 18.84 0.012 15.38 0.008 
2170027 18.48 0.011 15.38 0.008 
1103260 24.68 0.024 25.27 0.028 
2180142 62.47 0.103 812.19 1.687 
1102047 25.03 0.025 115.63 0.215 
2102904 21.46 0.017 15.26 0.008 
1101121 16.69 0.007 14.31 0.006 
1101886 20.39 0.015 20.50 0.018 
1102053 15.86 0.006 53.88 0.087 
1100560 14.90 0.004 19.55 0.016 
1100572 49.35 0.075 86.79 0.156 
1108009 15.02 0.004 14.78 0.007 
1107437 29.80 0.035 32.90 0.044 
1108629 43.04 0.062 24.20 0.026 
1105725 19.31 0.013 21.46 0.020 
2100109 16.93 0.008 18.00 0.013 
2103263 141.50 0.269 21.70 0.021 
1101409 994.58 2.112 36.12 0.051 
2102629 20.74 0.016 25.87 0.029 
A128 
 
2102744 17.64 0.009 18.72 0.015 
1102034 17.88 0.010 18.36 0.014 
1100138 41.25 0.059 35.88 0.050 
2104756 18.48 0.011 28.61 0.035 
2103225 74.03 0.127 83.69 0.149 
2125049 94.53 0.170 40.77 0.060 
2103538 46.37 0.069 54.96 0.090 
2106826 84.64 0.149 74.98 0.131 
2170099 81.42 0.143 40.89 0.061 
2100391 23.01 0.021 14.78 0.007 
1101504 24.20 0.023 17.52 0.012 
1104934 24.92 0.024 18.36 0.014 
1105067 31.71 0.039 191.21 0.373 
2101765 33.02 0.041 17.17 0.012 
2120190 35.29 0.046 17.05 0.011 
2102269 28.13 0.031 24.56 0.027 
1104377 36.12 0.048 71.65 0.124 
2100744 29.92 0.035 16.45 0.010 
2106078 32.54 0.040 45.90 0.071 
2106068 23.48 0.021 16.69 0.011 
2170092 21.34 0.017 17.64 0.012 
1102827 24.92 0.024 20.03 0.017 
2101290 28.61 0.032 30.88 0.040 
2101768 56.15 0.090 108.24 0.200 
1101014 336.77 0.683 55.67 0.091 
2100441 24.44 0.023 16.09 0.009 
1104636 20.98 0.016 18.48 0.014 
2101375 17.88 0.010 14.90 0.007 
1108151 20.62 0.016 22.17 0.022 
1108134 18.36 0.011 16.33 0.010 
2101853 19.19 0.013 16.33 0.010 
2105956 18.84 0.012 30.28 0.039 
2101546 19.31 0.013 65.09 0.111 
1108014 19.79 0.014 18.48 0.014 
2103536 21.70 0.018 20.98 0.019 
1100750 28.37 0.032 16.69 0.011 
2102892 29.56 0.034 33.62 0.045 
2102069 29.80 0.035 25.75 0.029 
1103165 22.89 0.020 18.48 0.014 
2101810 23.01 0.021 17.52 0.012 
2107414 23.48 0.021 39.10 0.057 
A129 
 
2100378 35.64 0.047 23.48 0.025 
2106249 39.46 0.055 23.72 0.025 
2170009 839.25 1.770 46.97 0.073 
2102026 79.87 0.139 99.54 0.182 
2104122 68.55 0.116 63.78 0.108 
1105795 27.90 0.031 17.76 0.013 
1103953 26.70 0.028 16.57 0.010 
2104264 36.00 0.048 139.72 0.266 
2101430 22.53 0.020 17.05 0.011 
2101055 21.93 0.018 16.21 0.010 
2160009 17.40 0.009 13.23 0.003 
2103520 27.06 0.029 18.72 0.015 
2105995 45.78 0.068 35.05 0.048 
2104916 43.51 0.063 34.93 0.048 
2103176 16.93 0.008 17.64 0.012 
2180106 37.19 0.050 26.94 0.032 
1101919 22.41 0.019 46.73 0.073 
2104388 NA       
1104612 19.91 0.014 24.44 0.027 
2120517 16.81 0.008 25.27 0.028 
2103942 23.13 0.021 23.96 0.026 
2100725 15.62 0.005 39.94 0.059 
2180399 22.29 0.019 25.03 0.028 
1100440 21.22 0.017 19.55 0.016 
1107542 88.81 0.158 2368.96 5.146 
2103555 22.17 0.019 20.50 0.018 
2180225 20.39 0.015 59.13 0.098 
1103236 23.72 0.022 14.66 0.006 
2170065 20.50 0.015 34.57 0.047 
2101066 17.88 0.010 14.19 0.005 
2104373 18.95 0.012 13.83 0.005 
2106797 38.51 0.053 15.50 0.008 
2102854 58.53 0.095 48.76 0.077 
2170028 39.34 0.055 23.84 0.025 
2101076 67.47 0.113 77.73 0.137 
1102161 423.80 0.869 24.56 0.027 
1102263 32.07 0.039 39.94 0.059 
2101211 20.50 0.015 17.64 0.012 
2103632 67.59 0.114 18.95 0.015 
1100259 36.60 0.049 46.61 0.072 
2170165 32.90 0.041 17.40 0.012 
A130 
 
2106928 25.27 0.025 28.01 0.034 
2102297 25.15 0.025 38.39 0.055 
2104211 20.39 0.015 19.07 0.015 
2104492 45.18 0.067 66.52 0.114 
2103490 16.45 0.007 20.03 0.017 
2105258 18.84 0.012 16.81 0.011 
2101023 17.29 0.009 30.52 0.039 
2106851 162.01 0.312 39.10 0.057 
2125234 17.40 0.009 85.47 0.153 
2107223 931.16 1.972 449.55 0.915 
2104954 19.07 0.012 19.91 0.017 
2102971 15.38 0.005 24.20 0.026 
2102739 18.36 0.011 17.29 0.012 
2101575 18.36 0.011 17.76 0.013 
2101342 34.09 0.044 41.25 0.061 
2103081 17.88 0.010 17.88 0.013 
2106035 17.40 0.009 19.91 0.017 
2180013 21.22 0.017 22.17 0.022 
2100581 35.88 0.047 32.19 0.043 
2101256 94.30 0.170 23.25 0.024 
2101029 19.91 0.014 18.84 0.015 
2100865 117.18 0.218 18.72 0.015 
2180084 24.92 0.024 31.83 0.042 
2102160 40.29 0.057 28.49 0.035 
2102761 23.84 0.022 25.39 0.028 
1102398 20.39 0.015 16.09 0.009 
2104541 22.29 0.019 23.01 0.024 
2106685 18.60 0.011 17.40 0.012 
2101428 30.04 0.035 18.48 0.014 
2170143 36.24 0.048 23.25 0.024 
1102632 22.29 0.019 35.64 0.050 
2103348 20.27 0.015 23.48 0.025 
1107692 21.10 0.017 23.96 0.026 
2102204 24.20 0.023 21.82 0.021 
2102886 29.45 0.034 19.19 0.016 
2180090 23.25 0.021 15.86 0.009 
2170182 156.52 0.301 64.61 0.110 
2125068 681.05 1.425 40.17 0.059 
1102439 23.96 0.022 23.60 0.025 
1105885 32.90 0.041 20.50 0.018 
1100254 28.85 0.033 20.15 0.018 
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2101528 38.03 0.052 49.83 0.079 
2180294 28.85 0.033 36.60 0.052 
2106652 27.90 0.031 22.65 0.023 
2103443 22.77 0.020 24.68 0.027 
2100760 24.56 0.024 23.13 0.024 
2100624 22.41 0.019 23.60 0.025 
2101148 20.98 0.016 14.78 0.007 
2102261 18.48 0.011 36.00 0.050 
2101567 23.60 0.022 19.07 0.015 
1108402 77.73 0.135 24.44 0.027 
1108746 21.46 0.017 17.40 0.012 
2102948 21.10 0.017 16.33 0.010 
2100890 21.22 0.017 19.55 0.016 
2106967 35.05 0.046 24.44 0.027 
2103506 33.62 0.043 528.82 1.083 
2102622 29.92 0.035 16.57 0.010 
2101386 39.94 0.056 30.28 0.039 
1102097 24.20 0.023 25.51 0.029 
2104624 211.00 0.416 22.17 0.022 
2104716 17.52 0.009 17.52 0.012 
1100395 19.79 0.014 26.46 0.031 
1102953 24.32 0.023 20.86 0.019 
1101318 19.55 0.013 17.40 0.012 
1102983 22.65 0.020 21.82 0.021 
1103878 27.66 0.030 20.62 0.019 
1104095 25.15 0.025 26.70 0.031 
2101597 17.88 0.010 19.67 0.017 
1102207 79.63 0.139 24.32 0.026 
1106156 20.39 0.015 24.56 0.027 
2170025 23.13 0.021 20.50 0.018 
2103053 40.77 0.058 32.90 0.044 
2107096 19.07 0.012 17.88 0.013 
1102684 16.45 0.007 14.90 0.007 
1101205 30.04 0.035 24.20 0.026 
1101474 24.08 0.023 26.46 0.031 
2180114 22.65 0.020 18.00 0.013 
1100506 75.34 0.130 51.02 0.081 
1100610 27.06 0.029 19.79 0.017 
2105639 36.24 0.048 19.07 0.015 
2120538 85.36 0.151 20.50 0.018 
2103222 20.86 0.016 17.52 0.012 
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2105104 263.93 0.528 81.54 0.145 
2180030 25.03 0.025 31.95 0.042 
2107173 17.05 0.008 18.60 0.014 
2102819 33.14 0.042 21.58 0.021 
2180404 20.03 0.014 17.17 0.012 
2104502 22.77 0.020 74.63 0.130 
2180327 28.01 0.031 67.24 0.115 
2104732 23.48 0.021 14.31 0.006 
2180373 21.82 0.018 16.45 0.010 
2101150 42.80 0.062 21.82 0.021 
2102843 1544.26 3.345 442.15 0.899 
2106690 25.39 0.025 23.25 0.024 
1100651 22.89 0.020 18.12 0.013 
1103173 25.27 0.025 25.75 0.029 
2107058 19.19 0.013 17.52 0.012 
2104033 92.87 0.167 16.69 0.011 
2105442 34.45 0.044 27.78 0.033 
2100044 17.88 0.010 17.64 0.012 
1100997 28.01 0.031 26.70 0.031 
2180028 17.52 0.009 20.39 0.018 
1107301 19.79 0.014 18.60 0.014 
2103864 17.64 0.009 17.29 0.012 
1108119 15.74 0.005 20.27 0.018 
1100387 21.82 0.018 21.70 0.021 
2106462 25.39 0.025 38.51 0.056 
2120146 17.29 0.009 20.27 0.018 
1101683 18.12 0.010 20.27 0.018 
2125163 16.81 0.008 20.03 0.017 
1105054 16.81 0.008 20.15 0.018 
1100830 35.05 0.046 25.75 0.029 
2140043 27.66 0.030 21.82 0.021 
2104386 23.01 0.021 38.15 0.055 
1100811 33.50 0.042 30.52 0.039 
2106944 30.52 0.036 27.18 0.032 
2101927 27.90 0.031 33.74 0.046 
2102753 21.58 0.018 69.62 0.120 
1100573 23.37 0.021 25.99 0.030 
2105517 17.88 0.010 17.40 0.012 
2102348 32.54 0.040 18.00 0.013 
2103279 17.40 0.009 19.79 0.017 
2102700 27.54 0.030 35.88 0.050 
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1108199 492.46 1.017 134.35 0.254 
1101815 18.95 0.012 22.89 0.023 
1100281 34.33 0.044 43.39 0.066 
1101557 21.46 0.017 23.60 0.025 
1107688 19.67 0.014 14.66 0.006 
1108580 41.13 0.058 175.48 0.340 
1107403 67.47 0.113 22.41 0.022 
1102145 18.72 0.012 27.66 0.033 
2101978 40.53 0.057 24.80 0.027 
1100530 18.95 0.012 16.57 0.010 
1101600 21.58 0.018 37.19 0.053 
1101692 23.48 0.021 21.82 0.021 
1100412 19.91 0.014 20.39 0.018 
1101757 16.93 0.008 18.24 0.014 
1100810 15.50 0.005 19.55 0.016 
1100628 30.99 0.037 49.59 0.079 
2105385 20.27 0.015 23.72 0.025 
1100041 181.80 0.354 52.81 0.085 
1101778 16.81 0.008 26.11 0.030 
1100955 16.33 0.007 16.45 0.010 
1100511 23.60 0.022 20.62 0.019 
1104614 15.86 0.006 17.05 0.011 
2105720 18.48 0.011 26.46 0.031 
2107275 267.75 0.536 595.34 1.224 
1105680 24.08 0.023 31.47 0.041 
2102934 35.05 0.046 75.22 0.132 
1100423 34.93 0.045 18.12 0.013 
2100469 114.09 0.211 21.10 0.020 
2105509 534.78 1.108 25.63 0.029 
2165048 16.45 0.007 19.19 0.016 
2100330 46.97 0.070 69.50 0.120 
2103603 19.79 0.014 19.79 0.017 
2165018 33.62 0.043 21.82 0.021 
2107152 24.56 0.024 18.12 0.013 
2103960 59.25 0.096 17.88 0.013 
2102959 27.18 0.029 16.81 0.011 
2101088 129.82 0.244 16.69 0.011 
1100685 42.92 0.062 45.90 0.071 
1105642 19.43 0.013 19.19 0.016 
1103977 35.05 0.046 19.67 0.017 
1100695 23.25 0.021 14.19 0.005 
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1105171 23.25 0.021 16.93 0.011 
2105771 28.49 0.032 21.93 0.021 
2170159 15.74 0.005 16.45 0.010 
1105218 74.27 0.128 16.93 0.011 
1102531 18.48 0.011 16.81 0.011 
2102467 610.36 1.271 76.77 0.135 
2104336 15.86 0.006 22.29 0.022 
1100525 22.89 0.020 19.07 0.015 
1100724 38.86 0.054 31.71 0.042 
1108155 15.14 0.004 17.40 0.012 
1101116 18.48 0.011 22.05 0.022 
1102468 81.30 0.142 91.08 0.164 
1103868 26.70 0.028 99.66 0.182 
1102771 21.22 0.017 17.40 0.012 
NA 77.96 0.135 56.51 0.093 
2106213 14.42 0.003 15.74 0.009 
2170191 38.51 0.053 300.41 0.601 
1108738 19.31 0.013 21.10 0.020 
1107400 44.58 0.065 43.15 0.065 
1101442 18.48 0.011 23.60 0.025 
1104903 17.29 0.009 42.92 0.065 
2104047 17.05 0.008 27.18 0.032 
1104237 22.29 0.019 21.82 0.021 
2103464 18.00 0.010 20.03 0.017 
1108572 15.97 0.006 16.21 0.010 
2135042 17.64 0.009 18.24 0.014 
1108231 17.40 0.009 22.29 0.022 
2125168 15.38 0.005 18.36 0.014 
1100718 23.48 0.021 22.65 0.023 
1106206 19.43 0.013 17.29 0.012 
1102169 21.46 0.017 16.57 0.010 
1108338 21.10 0.017 22.17 0.022 
1102180 24.68 0.024 23.84 0.025 
1108732 33.26 0.042 20.62 0.019 
1102342 25.27 0.025 23.72 0.025 
1101274 18.60 0.011 18.12 0.013 
1108079 17.40 0.009 18.12 0.013 
2105917 112.89 0.209 50.19 0.080 
2102726 167.61 0.324 103.12 0.189 
2102982 104.91 0.192 177.74 0.345 
1106634 21.82 0.018 19.43 0.016 
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1102748 22.65 0.020 16.45 0.010 
1104288 24.32 0.023 16.81 0.011 
1104485 19.43 0.013 15.50 0.008 
1106668 20.15 0.015 17.52 0.012 
1105455 23.84 0.022 220.66 0.434 
1104356 14.66 0.003 18.24 0.014 
2106910 18.72 0.012 21.70 0.021 
1105447 17.17 0.008 15.26 0.008 
2120072 17.29 0.009 16.81 0.011 
2104270 366.22 0.746 83.92 0.150 
2170047 27.06 0.029 18.84 0.015 
1107450 22.05 0.019 21.82 0.021 
2100946 18.72 0.012 21.82 0.021 
2180286 78.20 0.136 16.33 0.010 
2170045 16.33 0.007 16.09 0.009 
2105270 21.10 0.017 20.15 0.018 
1108325 20.03 0.014 20.50 0.018 
1103527 33.38 0.042 40.17 0.059 
1103961 44.47 0.065 25.39 0.028 
1101026 35.41 0.046 95.73 0.174 
1102682 17.40 0.009 20.27 0.018 
1104838 208.26 0.410 347.02 0.699 
1102781 24.44 0.023 21.10 0.020 
1102504 334.98 0.679 23.01 0.024 
1106300 14.42 0.003 15.02 0.007 
1103178 24.44 0.023 19.43 0.016 
1108322 27.06 0.029 49.95 0.079 
1103474 14.90 0.007 22.53 0.023 
1108781 16.81 0.011 18.84 0.015 
1105650 15.50 0.008 28.37 0.035 
1104008 37.55 0.054 22.53 0.023 
1108516 25.39 0.028 23.25 0.024 
2104908 24.20 0.026 21.70 0.021 
1102488 20.15 0.018 14.66 0.006 
2170063 26.58 0.031 20.50 0.018 
2101775 23.96 0.026 20.74 0.019 
2101054 83.33 0.148 16.57 0.010 
1108686 19.19 0.016 14.42 0.006 
1101903 25.75 0.029 32.54 0.043 
2105930 31.35 0.041 17.52 0.012 
1104188 23.60 0.025 17.17 0.012 
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1104577 21.93 0.021 39.34 0.057 
1105687 23.48 0.025 30.99 0.040 
2165046 29.80 0.038 24.32 0.026 
1104000 23.48 0.025 19.19 0.016 
2103224 65.92 0.112 112.54 0.209 
1104455 22.05 0.022 19.91 0.017 
2102596 22.05 0.022 15.14 0.007 
2101741 25.39 0.028 16.57 0.010 
1102924 39.46 0.058 36.24 0.051 
1103325 22.65 0.023 16.21 0.010 
1106373 21.10 0.020 17.05 0.011 
1103372 21.70 0.021 16.81 0.011 
1105100 27.30 0.032 17.52 0.012 
2104628 75.94 0.133 20.50 0.018 
1101944 49.83 0.079 27.06 0.032 
2102555 45.90 0.071 40.29 0.059 
1102745 65.80 0.112 19.79 0.017 
1104456 24.92 0.027 19.55 0.016 
1104709 59.01 0.098 95.49 0.174 
2165020 22.65 0.023 17.29 0.012 
2170002 24.56 0.027 20.39 0.018 
1104320 18.95 0.015 16.69 0.011 
2135067 294.45 0.589 15.50 0.008 
1101032 25.99 0.030 21.34 0.020 
1100681 1171.25 2.463 134.35 0.254 
1108744 20.74 0.019 15.38 0.008 
1103205 372.18 0.752 20.50 0.018 
2103816 86.07 0.154 39.34 0.057 
1108523 25.27 0.028 17.88 0.013 
1108223 25.99 0.030 23.96 0.026 
1101790 20.39 0.018 14.07 0.005 
1108210 24.56 0.027 18.84 0.015 
1108046 23.60 0.025 16.21 0.010 
1108133 36.60 0.052 23.37 0.024 
2100466 647.32 1.334 51.26 0.082 
1102687 26.82 0.031 15.97 0.009 
1106205 19.43 0.016 21.7 0.021 
1101216 23.96 0.026 28.25 0.034 
1106377 23.48 0.025 19.19 0.016 
1103862 20.86 0.019 16.45 0.01 
1108557 23.25 0.024 17.29 0.012 
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1105840 20.98 0.019 14.54 0.006 
2103648 29.56 0.037 24.8 0.027 
2104958 25.39 0.028 17.88 0.013 
1103720 21.93 0.021 14.9 0.007 
2101070 113.73 0.212 18.24 0.014 
1103114 39.7 0.058 37.79 0.054 
1108520 25.27 0.028 37.79 0.054 
2104591 21.58 0.021 15.97 0.009 
1101732 50.55 0.080 22.77 0.023 
1103753 19.91 0.017 18.00 0.013 
2106873 19.31 0.016 27.78 0.033 
1103209 20.74 0.019 100.02 0.183 
1103790 480.42 0.980 15.26 0.008 
2106484 49.47 0.078 14.54 0.006 
2170155 3536.87 7.913 23.72 0.025 
1106619 25.27 0.028 30.52 0.039 
1105248 172.74 0.334 117.90 0.220 
2125136 118.97 0.222 38.27 0.055 
2103253 19.31 0.016 21.10 0.020 
1101259 20.03 0.017 25.63 0.029 
2107161 52.93 0.085 24.68 0.027 
1104132 18.24 0.014 14.78 0.007 
1101678 17.29 0.012 13.95 0.005 
1104204 27.54 0.033 27.30 0.032 
2102146 20.15 0.018 14.19 0.005 
1104730 64.97 0.110 23.37 0.024 
1102545 28.13 0.034 16.93 0.011 
2170031 21.46 0.020 14.66 0.006 
2103533 24.08 0.026 15.26 0.008 
2106472 28.25 0.034 30.52 0.039 
2106221 1775.53 3.798 140.07 0.266 
1100985 54.60 0.089 33.14 0.044 
2180008 24.56 0.027 15.02 0.007 
1102742 25.75 0.029 15.50 0.008 
1104893 23.25 0.024 18.95 0.015 
2155000 26.23 0.030 21.82 0.021 
1103436 53.17 0.086 22.77 0.023 
2170214 34.21 0.047 21.34 0.020 
2180255 32.66 0.043 18.95 0.015 
2103238 411.40 0.835 13.47 0.004 
2180363 36.24 0.051 92.51 0.167 
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2106006 31.71 0.042 15.38 0.008 
2180020 23.48 0.025 15.62 0.008 
1105763 25.87 0.029 15.26 0.008 
1107038 29.80 0.038 18.60 0.014 
2180228 140.91 0.268 21.58 0.021 
1102156 21.22 0.020 15.50 0.008 
2170181 20.74 0.019 25.27 0.028 
1105163 31.47 0.041 29.80 0.038 
2180261 30.16 0.038 87.50 0.157 
1101740 35.41 0.049 41.72 0.062 
2100659 30.16 0.038 19.79 0.017 
2165011 25.39 0.028 16.33 0.010 
1107451 23.48 0.025 21.22 0.020 
1104399 24.44 0.027 92.87 0.168 
2170133 47.45 0.074 19.91 0.017 
1103733 21.70 0.021 21.82 0.021 
1103877 27.42 0.033 22.05 0.022 
1108790 226.02 0.446 74.15 0.129 
2140013 395.78 0.802 30.88 0.040 
2165035 22.77 0.023 19.67 0.017 
2105892 25.39 0.028 62.71 0.106 
1103456 24.56 0.027 17.40 0.012 
1108617 21.46 0.020 15.50 0.008 
1103422 37.79 0.054 23.84 0.025 
2135071 44.58 0.068 26.58 0.031 
1108689 36.96 0.052 21.58 0.021 
2135020 31.11 0.040 25.03 0.028 
2140018 23.72 0.025 21.93 0.021 
1106500 161.17 0.310 377.42 0.763 
1102306 32.07 0.042 91.32 0.165 
2170014 23.25 0.024 19.43 0.016 
1108743 21.93 0.021 47.33 0.074 
2170085 56.03 0.092 38.51 0.056 
2120550 23.96 0.026 21.58 0.021 
2170163 49.35 0.078 30.28 0.039 
2120039 24.44 0.027 19.91 0.017 
2106210 27.66 0.033 28.49 0.035 
1105130 21.70 0.021 18.60 0.014 
2180207 48.64 0.077 48.04 0.075 
2102855 19.67 0.017 21.10 0.020 
1107514 23.72 0.025 23.37 0.024 
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2105333 21.46 0.020 19.19 0.016 
2105597 44.58 0.068 19.19 0.016 
2102276 19.79 0.017 21.22 0.020 
2101654 20.50 0.018 18.60 0.014 
2135066 68.31 0.117 17.29 0.012 
2170188 106.22 0.196 18.24 0.014 
2106146 27.66 0.033 21.82 0.021 
2106819 190.62 0.372 45.90 0.071 
2106950 26.35 0.030 19.31 0.016 
2170096 22.65 0.023 18.36 0.014 
2135073 24.80 0.027 19.55 0.016 
2105274 29.21 0.036 24.32 0.026 
2102485 33.50 0.045 80.59 0.143 
2101298 21.93 0.021 20.50 0.018 
2105079 66.28 0.113 29.21 0.036 
2103343 22.89 0.023 17.29 0.012 
2106391 24.20 0.026 19.19 0.016 
2125100 20.86 0.019 19.43 0.016 
2102414 3545.46 7.934 357.04 0.720 
2102237 99.78 0.183 41.25 0.061 
2120155 24.08 0.026 20.15 0.018 
2135007 22.77 0.023 23.84 0.025 
2140005 78.08 0.138 47.68 0.075 
2106270 22.17 0.022 20.62 0.019 
2104925 64.73 0.110 17.40 0.012 
2107101 237.59 0.470 40.65 0.060 
2106713 22.53 0.023 19.79 0.017 
2103755 27.90 0.034 16.93 0.011 
2104021 34.45 0.047 15.38 0.008 
2135039 20.86 0.019 25.75 0.029 
2120334 22.17 0.022 18.48 0.014 
2130019 25.87 0.029 29.45 0.037 
2100088 28.37 0.035 26.58 0.031 
2140037 38.86 0.056 28.01 0.034 
2103344 29.56 0.037 21.34 0.020 
2105261 514.99 1.053 20.62 0.019 
2105183 95.01 0.173 20.27 0.018 
2105640 59.61 0.099 23.37 0.024 
2120544 25.87 0.029 15.38 0.008 
2125061 32.07 0.042 23.48 0.025 
2125069 22.89 0.023 22.17 0.022 
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2125289 304.94 0.611 16.93 0.011 
1108503 24.68 0.027 18.95 0.015 
2170059 26.94 0.032 21.58 0.021 
2104635 21.58 0.021 17.76 0.013 
2180364 19.19 0.016 20.27 0.018 
2125105 18.95 0.015 16.33 0.010 
2105464 22.41 0.022 18.12 0.013 
1105272 20.74 0.019 15.97 0.009 
1103371 20.62 0.019 15.38 0.008 
1104034 19.79 0.017 15.26 0.008 
2120001 17.76 0.013 17.76 0.013 
2107197 20.86 0.019 14.78 0.007 
1100751 18.95 0.015 15.14 0.007 
2106563 21.22 0.020 15.97 0.009 
2140015 23.96 0.026 17.40 0.012 
1101184 47.09 0.073 59.49 0.099 
2105908 26.11 0.030 21.70 0.021 
2125213 19.43 0.016 20.27 0.018 
2135047 398.64 0.808 60.20 0.100 
2125216 20.27 0.018 25.27 0.028 
2105722 23.84 0.025 17.40 0.012 
 
A141 
 
Section 2: Speficic IgE results of the IBS, CD and MSC individuals against wheat 
(f4) and milk (f2) antigens. 
ID No. Wheat (f4) Milk (f2) 
Pre-treatment Response Conc. kU/L Response Conc. kU/L 
IBS01 25 0.009 36 0.029 
IBS02 25 0.010 30 0.019 
IBS03 30 0.019 32 0.022 
IBS04 26 0.011 32 0.024 
IBS05 33 0.025 72 0.100 
IBS06 23 0.005 43 0.044 
IBS07 28 0.015 44 0.045 
IBS08 616 1.173 149 0.249 
IBS09 65 0.087 88 0.131 
IBS10 27 0.012 33 0.025 
IBS11 40 0.038 38 0.033 
IBS12 26 0.011 45 0.048 
IBS13 24 0.008 42 0.042 
IBS14 22 0.003 33 0.024 
IBS15 30 0.018 33 0.026 
IBS16 27 0.013 56 0.068 
IBS17 96 0.145 41 0.040 
IBS18 285 0.516 39 0.036 
IBS19 23 0.006 34 0.027 
IBS20 22 0.004 42 0.042 
IBS21 27 0.013 36 0.031 
IBS22 24 0.008 31 0.021 
IBS23 24 0.008 35 0.028 
IBS24 24 0.007 33 0.024 
IBS25 33 0.025 38 0.034 
IBS26 22 0.003 32 0.023 
IBS27 23 0.005 37 0.032 
IBS28 47 0.051 32 0.024 
IBS29 27 0.013 36 0.030 
IBS30 26 0.011 51 0.060 
IBS31 207 0.363 44 0.046 
IBS32 574 1.089 63 0.082 
IBS33 27 0.014 38 0.033 
IBS34 63 0.082 35 0.028 
IBS35 437 0.815 59 0.075 
IBS36 21 0.002 31 0.020 
IBS37 41 0.040 60 0.076 
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ID No. Wheat (f4) Milk (f2) 
Post-treatment Response Conc. kU/L Response Conc. kU/L Treatment 
IBS01 29 0.016 45 0.046 Gluten 
IBS02 27 0.012 35 0.027 Placebo 
IBS03 33 0.024 38 0.033 Placebo 
IBS04 29 0.016 34 0.025 Gluten 
IBS05 62 0.079 71 0.096 Placebo 
IBS06 31 0.020 36 0.029 Placebo 
IBS07 30 0.018 42 0.041 Placebo 
IBS08 626 1.150 135 0.217 Gluten 
IBS09 82 0.117 87 0.126 Gluten 
IBS10 26 0.010 37 0.031 Gluten 
IBS11 39 0.035 36 0.029 Placebo 
IBS12 27 0.012 50 0.056 Gluten 
IBS13 27 0.012 39 0.035 Placebo 
IBS14 23 0.005 33 0.024 Gluten 
IBS15 32 0.022 33 0.024 Placebo 
IBS16 25 0.008 22 0.003 Gluten 
IBS17 95 0.141 39 0.035 Gluten 
IBS18 267 0.468 42 0.041 Placebo 
IBS19 23 0.005 29 0.016 Gluten 
IBS20 22 0.003 36 0.029 Placebo 
IBS21 31 0.020 35 0.027 Gluten 
IBS22 22 0.003 26 0.010 Gluten 
IBS23 23 0.005 31 0.020 Placebo 
IBS24 23 0.005 29 0.016 Gluten 
IBS25 36 0.029 34 0.025 Gluten 
IBS26 26 0.010 37 0.031 Placebo 
IBS27 30 0.018 35 0.027 Placebo 
IBS28 44 0.044 30 0.018 Placebo 
IBS29 29 0.016 34 0.025 Placebo 
IBS30 31 0.020 52 0.060 Gluten 
IBS31 235 0.407 51 0.058 Placebo 
IBS32 633 1.164 75 0.103 Gluten 
IBS33 30 0.018 39 0.035 Placebo 
IBS34 66 0.086 68 0.090 Placebo 
IBS35 510 0.930 60 0.075 Gluten 
IBS36 26 0.010 31 0.020 Placebo 
IBS37 37 0.031 63 0.081 Gluten 
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ID No. Wheat (f4) Milk (f2) 
 
Response Conc. kU/L Response Conc. kU/L 
CD01 95.49 0.12 60.44 0.07 
CD02 34.33 0.02 37.31 0.03 
CD03 27.54 0.01 27.18 0.01 
CD04 47.45 0.04 172.62 0.26 
CD05 30.76 0.02 56.98 0.06 
CD06 50.66 0.05 82.49 0.10 
CD07 26.46 0.01 50.78 0.05 
CD08 29.21 0.01 36.48 0.02 
CD09 31.95 0.02 47.80 0.04 
CD10 42.44 0.03 67.47 0.08 
CD11 28.13 0.01 34.69 0.02 
CD12 26.94 0.01 42.44 0.03 
CD13 171.66 0.26 47.33 0.04 
CD14 32.19 0.02 37.31 0.03 
CD15 24.32 0.00 30.16 0.01 
CD16 62.35 0.07 37.43 0.03 
CD17 1741.91 3.09 106.81 0.14 
 
 
 
ID No. Wheat (f4) Milk (f2) 
 
Response Conc. kU/L Response Conc. kU/L 
MSC01 31 0.022 38 0.033 
MSC02 24 0.011 296 0.515 
MSC03 73 0.102 41 0.040 
MSC04 77 0.110 38 0.035 
MSC05 367 0.646 141 0.227 
MSC06 31 0.022 49 0.055 
MSC07 28 0.015 30 0.019 
MSC08 106 0.165 44 0.046 
MSC09 24 0.008 30 0.020 
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Section 3: Speficic IgE and IgG4 results of the GOS cohort against wheat (f4) and 
spelt (f124). 
Specific IgE 
ID No. Wheat (f4) Spelt (f124) 
 
Response Conc. kU/L Response Conc. kU/L 
1104468 219.7 0.453 151.76 0.245 
1106446 859.9 1.900 625.14 1.107 
1102592 205.3 0.420 106.10 0.163 
1103460 103.5 0.196 33.50 0.033 
1105710 71.4 0.125 75.46 0.108 
1100012 108.5 0.207 93.70 0.141 
2106032 189.8 0.386 124.10 0.195 
1102912 97.6 0.183 78.56 0.113 
1102222 94.1 0.175 68.43 0.095 
1102915 78.2 0.140 67.12 0.093 
1106452 106.2 0.202 128.63 0.203 
1102838 110.51 0.211 96.92 0.146 
1102510 70.45 0.123 59.96 0.080 
1104497 97.28 0.182 77.96 0.112 
1101497 100.14 0.188 54.72 0.071 
1100111 147.23 0.292 83.92 0.123 
1100269 64.14 0.109 48.88 0.060 
1100700 200.51 0.410 321.99 0.553 
1102327 1587.06 3.589 714.79 1.272 
1100214 118.97 0.230 78.68 0.114 
2102171 1267.93 2.663 309.35 0.530 
2100995 125.05 0.210 55.08 0.071 
2103106 152.35 0.265 85.00 0.125 
1101937 114.44 0.188 95.25 0.143 
2180339 271.09 0.509 90.60 0.135 
1104843 141.86 0.244 73.31 0.104 
2106159 154.74 0.270 156.40 0.253 
1103576 91.20 0.142 78.80 0.114 
2105080 82.73 0.125 63.66 0.087 
2106075 298.15 0.565 103.71 0.159 
2160014 378.38 0.733 218.04 0.365 
2105693 356.32 0.687 158.19 0.257 
2170157 137.21 0.234 151.64 0.245 
1100778 308.04 0.586 558.50 0.984 
2160003 288.85 0.546 523.93 0.921 
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2135074 204.57 0.372 185.37 0.306 
2103904 206.47 0.376 118.97 0.186 
1100353 282.29 0.532 350.24 0.604 
2104123 72.60 0.105 71.65 0.101 
2105290 99.90 0.159 74.51 0.106 
2105965 143.65 0.247 160.10 0.260 
2103096 3346.73 7.526 3809.15 7.372 
2104898 220.42 0.404 411.40 0.716 
1100300 102.40 0.164 82.37 0.120 
2103563 79.87 0.119 69.98 0.098 
2170154 85.12 0.130 88.69 0.132 
2170177 140.67 0.241 217.08 0.363 
2155004 194.43 0.351 346.90 0.598 
2125246 81.54 0.122 92.03 0.138 
2106018 90.12 0.140 110.63 0.171 
1108152 83.81 0.127 33.02 0.032 
2140004 186.21 0.334 208.38 0.347 
2102382 211.36 0.386 486.02 0.852 
1104495 141.86 0.244 163.80 0.267 
2103941 136.50 0.233 173.93 0.285 
1101469 679.74 1.374 630.63 1.117 
2105644 2672.12 5.896 5208.21 10.428 
1100556 1142.76 2.385 1189.25 2.156 
1103155 812.42 1.661 509.87 0.895 
2170221 532.28 1.059 865.23 1.551 
2102797 1664.19 3.554 1972.11 3.653 
1103345 80.71 0.121 69.74 0.098 
1100600 572.33 1.144 277.05 0.471 
2105063 919.95 1.895 1310.85 2.386 
2102452 104.43 0.168 90.12 0.134 
2102514 67.95 0.096 42.56 0.041 
2100393 70.93 0.101 56.39 0.074 
1101519 2131.97 3.965 1223.70 2.221 
2135058 109.08 0.168 47.92 0.059 
2105573 141.03 0.226 150.44 0.243 
1108304 1259.82 2.289 777.73 1.388 
2170118 107.77 0.166 134.95 0.215 
2135049 172.26 0.282 162.96 0.265 
1102757 39.1 0.055 34.45 0.026 
2165022 20.98 0.016 24.20 0.007 
2106465 43.99 0.049 36.12 0.029 
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1104073 34.69 0.031 29.21 0.016 
1104906 22.05 0.007 18.60 0.000 
2102882 18.00 0.000 17.76 0.000 
BE 27.00 0.030 25.99 0.019 
DS 26.67 0.030 25.75 0.019 
NS 442.33 0.953 200.16 0.332 
SS 320.33 0.677 523.81 0.921 
TV 23.33 0.023 22.89 0.014 
 
 
Specific IgG4 
ID No. Wheat (f4) Spelt (f124) 
 
Response Conc. mg/L Response Conc. mg/L 
1104468 6206.49 4.989 7380.00 6.095 
1106446 17827.45 20.257 20399.15 26.034 
1102592 302.20 0.124 237.71 0.075 
1103460 255.83 0.089 188.59 0.037 
1105710 799.43 0.501 872.51 0.557 
1100012 1020.69 0.670 955.24 0.620 
2106032 6431.44 5.196 6687.62 5.435 
1102912 1250.41 0.847 1299.16 0.884 
1102222 1274.84 0.865 1542.23 1.072 
1102915 299.22 0.121 213.86 0.057 
1106452 21935.75 30.370 24299.09 39.076 
1102838 5334.22 4.202 6348.11 5.119 
1102510 274.54 0.103 172.98 0.026 
1104497 1568.10 1.092 1747.99 1.232 
1101497 296.24 0.119 196.70 0.044 
1100111 395.30 0.194 300.77 0.123 
1100269 5743.83 4.568 6022.90 4.821 
1100700 300.41 0.122 233.89 0.072 
1102327 304.35 0.125 221.38 0.062 
1100214 1077.07 0.714 1073.02 0.710 
2102171 626.93 0.370 510.94 0.282 
2100995 439.89 0.228 446.68 0.233 
2103106 608.10 0.356 567.09 0.325 
1101937 656.97 0.393 592.60 0.344 
2180339 695.60 0.422 682.84 0.413 
1104843 12399.45 11.671 14295.29 14.271 
2106159 23949.34 37.584 25320.69 43.978 
1103576 218.87 0.060 148.06 0.006 
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2105080 325.80 0.142 214.10 0.057 
2106075 306.37 0.127 209.81 0.054 
2160014 361.33 0.169 275.14 0.103 
2105693 376.23 0.180 299.70 0.122 
2170157 1552.49 1.080 2017.17 1.443 
1100778 11058.63 10.020 11881.54 11.017 
2160003 19755.66 24.438 21612.70 29.389 
2135074 1170.77 0.785 1063.24 0.703 
2103904 536.81 0.302 499.49 0.273 
1100353 12590.44 11.918 13790.31 13.544 
2104123 462.54 0.245 407.70 0.204 
2105290 1285.33 0.874 1432.44 0.987 
2105965 1539.25 1.070 1448.06 0.999 
2103096 25823.03 46.745 26353.75 49.984 
2104898 6153.92 4.940 7461.54 6.174 
1100300 3216.91 2.404 2996.49 2.225 
2103563 1999.89 1.429 2253.09 1.629 
2170154 1965.31 1.402 2093.59 1.503 
2170177 17514.46 19.650 18971.55 22.638 
2155004 1578.71 1.101 1747.99 1.232 
2125246 293.38 0.117 257.85 0.090 
2106018 278.36 0.106 182.39 0.033 
1108152 360.26 0.168 334.86 0.148 
2140004 4822.33 3.754 6156.06 4.942 
2102382 267.87 0.098 230.32 0.069 
1104495 2848.91 2.105 3643.33 2.755 
2103941 408.42 0.204 405.08 0.202 
1101469 323.90 0.140 324.37 0.141 
2105644 567.09 0.325 906.00 0.583 
1100556 998.75 0.654 1542.47 1.072 
1103155 218.87 0.060 147.94 0.006 
2170221 17273.45 19.194 23016.07 33.979 
2102797 12487.86 11.785 16987.02 18.665 
1103345 307.45 0.128 250.58 0.085 
1100600 715.62 0.437 727.19 0.446 
2105063 291.95 0.116 218.63 0.060 
2102452 4695.61 3.645 6577.47 5.332 
2102514 1541.16 1.071 1985.46 1.418 
2100393 285.39 0.111 260.95 0.092 
1101519 10835.82 9.759 11125.61 10.100 
2135058 11773.21 10.883 12657.90 12.006 
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2105573 534.42 0.300 460.99 0.244 
1108304 4778.82 3.717 4979.21 3.891 
2170118 1175.90 0.789 1270.31 0.862 
2135049 4948.81 3.864 5546.77 4.391 
1102757 1207.85 0.814 1287.96 0.876 
2165022 354.77 0.164 291.95 0.116 
2106465 514.63 0.285 594.27 0.345 
1104073 2686.42 1.975 3199.75 2.390 
1104906 776.90 0.484 605.00 0.353 
2102882 549.80 0.311 598.56 0.348 
BE 696.91 0.423 979.44 0.639 
DS 1393.46 0.957 1426.12 0.982 
NS 235.92 0.073 154.26 0.011 
SS 1776.48 1.255 2165.35 1.560 
TV 497.23 0.272 441.80 0.230 
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Section 4: Speficic IgE and IgG4 results of the GOS cohort against biotinylated 
streptavidin Australian wheat Kukri and GWF spelt 1 varieties. 
Biotinylated Streptavidin IgE 
ID No. Kukri GWF Spelt 1 
 
Response Conc. kU/L Response Conc. kU/L 
1104468 97.40 0.176 109.67 0.202 
1106446 823.51 1.736 682.25 1.427 
1102592 55.19 0.088 63.42 0.105 
1103460 21.22 0.017 22.05 0.019 
1105710 21.10 0.017 23.60 0.022 
1100012 67.47 0.113 74.51 0.128 
2106032 154.26 0.296 163.80 0.316 
1102912 51.14 0.079 61.51 0.101 
1102222 58.53 0.095 69.62 0.118 
1102915 41.84 0.060 50.31 0.077 
1106452 73.20 0.125 83.21 0.146 
1102838 100.97 0.184 107.53 0.197 
1102510 46.49 0.069 57.22 0.092 
1104497 60.56 0.099 69.26 0.117 
1101497 36.48 0.049 42.32 0.061 
1100111 132.56 0.250 170.35 0.330 
1100269 37.55 0.051 50.43 0.078 
1100700 90.12 0.161 105.98 0.194 
1102327 1042.86 2.219 1395.84 3.009 
1100214 58.41 0.094 89.41 0.159 
2102171 840.08 1.772 1006.98 2.140 
2100995 76.41 0.132 91.32 0.163 
2103106 100.26 0.182 128.75 0.242 
1101937 74.63 0.128 104.31 0.191 
2180339 89.77 0.160 112.54 0.208 
1104843 75.10 0.129 73.43 0.126 
2106159 98.23 0.178 98.47 0.178 
1103576 23.25 0.021 27.30 0.029 
2105080 63.90 0.106 83.33 0.147 
2106075 135.66 0.257 151.40 0.290 
2160014 101.09 0.184 129.34 0.243 
2105693 279.91 0.562 308.40 0.623 
2170157 118.38 0.220 110.63 0.204 
1100778 342.61 0.696 444.90 0.914 
2160003 514.87 1.065 164.63 0.318 
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2135074 260.48 0.521 332.24 0.673 
2103904 64.02 0.106 70.69 0.120 
1100353 293.97 0.592 339.16 0.688 
2104123 60.44 0.099 69.74 0.118 
2105290 67.59 0.114 84.40 0.149 
2105965 136.97 0.259 163.68 0.316 
2103096 3049.18 6.914 2955.00 6.682 
2104898 230.44 0.457 260.12 0.520 
1100300 47.92 0.072 62.23 0.102 
2103563 37.55 0.051 40.29 0.057 
2170154 67.35 0.113 71.41 0.122 
2170177 119.69 0.223 99.18 0.180 
2155004 226.62 0.449 225.79 0.447 
2125246 58.29 0.094 62.71 0.103 
2106018 22.05 0.019 27.06 0.029 
1108152 49.11 0.075 64.14 0.106 
2140004 136.02 0.257 156.17 0.300 
2102382 228.65 0.453 322.23 0.652 
1104495 178.70 0.347 142.93 0.272 
2103941 84.64 0.149 92.15 0.165 
1101469 602.02 1.253 713.96 1.496 
2105644 3421.24 7.843 3959.84 9.224 
1100556 855.46 1.806 953.45 2.021 
1103155 660.19 1.379 841.27 1.775 
2170221 311.14 0.628 283.60 0.570 
2102797 870.48 1.839 997.44 2.118 
1103345 50.66 0.078 65.21 0.109 
1100600 405.44 0.830 447.04 0.919 
2105063 311.14 0.628 436.19 0.896 
2102452 57.70 0.093 54.00 0.085 
2102514 63.78 0.106 66.16 0.111 
2100393 32.78 0.041 43.51 0.063 
1101519 2240.33 4.959 1805.45 3.944 
2135058 54.36 0.086 67.83 0.114 
2105573 106.46 0.195 135.78 0.257 
1108304 927.34 1.964 1227.28 2.630 
2170118 60.80 0.099 73.43 0.126 
2135049 75.94 0.131 93.34 0.168 
1102757 23.60 0.022 28.25 0.031 
2165022 14.31 0.002 16.45 0.007 
2106465 28.49 0.032 38.39 0.053 
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1104073 21.82 0.018 25.51 0.026 
1104906 13.95 0.002 15.26 0.004 
2102882 12.52 0.000 14.66 0.003 
 
 
Biotinylated Streptavidin IgG4 
ID No. Kukri GWF Spelt 1 
 
Response Conc. mg/L Response Conc. mg/L 
1104468 1122.13 0.728 1153.25 0.752 
1106446 10059.48 9.262 9990.50 9.182 
1102592 113.97 0.005 116.59 0.006 
1103460 105.26 0.000 110.27 0.003 
1105710 218.28 0.070 211.00 0.066 
1100012 343.80 0.155 348.93 0.159 
2106032 1273.65 0.845 1765.52 1.233 
1102912 393.16 0.190 363.71 0.169 
1102222 283.48 0.114 301.13 0.126 
1102915 101.93 0.000 99.18 0.000 
1106452 8304.46 7.310 6495.46 5.456 
1102838 3118.56 2.354 2805.87 2.088 
1102510 120.64 0.009 131.49 0.015 
1104497 231.75 0.079 195.63 0.056 
1101497 125.29 0.011 115.75 0.006 
1100111 113.73 0.005 112.30 0.004 
1100269 3461.77 2.649 3218.46 2.439 
1100700 121.12 0.009 150.09 0.027 
1102327 109.91 0.003 130.42 0.015 
1100214 210.88 0.066 190.50 0.052 
2102171 154.38 0.029 154.26 0.029 
2100995 181.20 0.046 179.89 0.045 
2103106 236.75 0.083 210.05 0.065 
1101937 151.16 0.027 159.27 0.032 
2180339 196.34 0.056 168.56 0.038 
1104843 2958.82 2.218 2132.93 1.530 
2106159 7357.23 6.320 7133.71 6.093 
1103576 85.83 0.000 93.10 0.000 
2105080 132.80 0.016 133.52 0.016 
2106075 118.38 0.007 115.52 0.006 
2160014 278.83 0.111 196.10 0.056 
2105693 190.50 0.052 300.65 0.126 
2170157 772.73 0.464 710.02 0.418 
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1100778 2755.09 2.045 2551.00 1.875 
2160003 8906.59 7.961 8402.21 7.414 
2135074 443.82 0.225 468.14 0.243 
2103904 329.74 0.146 328.90 0.145 
1100353 4708.12 3.760 3796.99 2.942 
2104123 185.37 0.049 180.49 0.046 
2105290 352.03 0.161 322.23 0.140 
2105965 351.32 0.161 316.27 0.136 
2103096 14855.17 15.631 13131.28 13.135 
2104898 1062.89 0.683 876.80 0.542 
1100300 1030.34 0.658 801.58 0.486 
2103563 514.16 0.275 414.02 0.204 
2170154 222.45 0.073 224.95 0.075 
2170177 6911.50 5.869 5293.57 4.302 
2155004 496.75 0.263 403.41 0.197 
2125246 101.09 0.000 98.23 0.000 
2106018 93.22 0.000 111.82 0.004 
1108152 113.97 0.005 167.97 0.038 
2140004 875.13 0.541 1648.45 1.139 
2102382 98.11 0.000 129.58 0.014 
1104495 1353.64 0.907 2806.83 2.089 
2103941 202.18 0.060 213.03 0.067 
1101469 176.91 0.044 177.74 0.044 
2105644 278.36 0.111 262.62 0.100 
1100556 700.96 0.411 700.72 0.411 
1103155 91.43 0.000 85.83 0.000 
2170221 4401.15 3.481 3825.60 2.968 
2102797 10134.42 9.349 8756.85 7.797 
1103345 141.27 0.021 127.56 0.013 
1100600 329.26 0.145 297.19 0.123 
2105063 157.00 0.031 150.33 0.027 
2102452 2929.26 2.193 2916.62 2.182 
2102514 581.27 0.324 724.68 0.429 
2100393 96.44 0.000 94.53 0.000 
1101519 12186.90 11.873 10393.08 9.652 
2135058 7417.67 6.382 6120.06 5.089 
2105573 121.48 0.009 118.85 0.008 
1108304 1561.90 1.071 1366.52 0.917 
2170118 186.80 0.050 165.23 0.036 
2135049 2475.18 1.812 2286.83 1.656 
1102757 303.63 0.128 333.67 0.148 
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2165022 146.99 0.025 146.63 0.024 
2106465 195.03 0.055 181.92 0.047 
1104073 468.38 0.243 403.89 0.197 
1104906 273.47 0.107 243.55 0.087 
2102882 199.68 0.058 171.43 0.040 
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IBS Pre- and Post-Challenged Results 
 
A: Comparison of IgE and IgG4 in IBS individuals with IgE response < 60 RU (converted 
from kU/L to ng/ml) who were challenged with gluten. 
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B: Comparison of IgE and IgG4 in IBS individuals with IgE response < 60 RU (converted 
from kU/L to ng/ml) who were challenged with placebo. 
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INTRODUCTION 
Wheat is one of the most important sources of nutrition and commodities for mankind and is the third largest pro-
duced cereals after maize and rice.  Sensitivity to cereal foods is an important and complex issue.  Reactions to 
ingested wheat products can involve either immune mediated or non-immune mediated pathways (Fig. 1).  Im-
mune mediated reactions can either be IgE mediated or non-IgE mediated which results in wheat allergy and celi-
ac disease respectively.  Wheat intolerance is caused by non-immune mediated reactions.  The majority of food 
allergy is based on self-reported reactions to consumption of food products.  Sensitization to food products based 
on serum IgE assessment can provide more meaningful data that can be used to complement clinical symptoms. 
Fig 1: Adverse reaction to ingested wheat-based products (adapted from Sapone et al, 2012). 
 
The prevalence of wheat sensitization in a population based on specific IgE has been investigated in many Euro-
pean countries (Rona et al., 2007), however, in Australia, a double blind challenge to determine sensitization to 
wheat by serum IgE has not been conducted.  In this study a cohort of human sera from a randomly selected Aus-
tralian population (Pasco et al., 2012) was used to assess the IgE sensitization to wheat and milk antigens. 
 
MATERIALS & METHODS 
A large set of blood samples from randomly selected individuals (n = 1145) was obtained from Geelong Osteopo-
rosis Study (GOS), Geelong, Victoria which were used to determine the prevalence of wheat sensitivity in the 
Australian population.  The human sera were analysed by RAST (Fig. 2) using the ImmunoCAP 100 instrument 
(Phadia, Sweden). 
Fig 2: ImmumoCAP specific IgE test (adapted from Johansson, 2004). 
 
Wheat (f4) and milk (f2) antigens provided by Phadia were used to determine the IgE levels (response unit mode) 
in the GOS cohort.  Questionnaires were provided by Barwon Health (Victoria, Australia) and statistical analyses 
were conducted to establish relationships between individuals with clinical symptoms and immune-responses. 
 
RESULTS AND DISCUSSION 
Blood sera of individuals have been investigated aiming to determine the prevalence of wheat sensitivity in a ran-
domly selected cohort group.  The study was carried out on sera samples of the GOS age-stratified cohorts of 
men (n=1540 in 2001-2006) and women (n=1494 in 1994-1997 and n=221 in 2006-2008) that were randomly se-
lected from the electoral rolls of the Barwon Statistical Division.  In 2009-2010, participants were invited to par-
ticipate in this sub-study.  From a group of 2075 potential participants, 1145 provided blood samples for the anal-
yses of IgE RAST against wheat and milk antigens.  All participants provided written consent and the study was 
approved by the Barwon Health Human Research Ethics Committee. 
Fig 3: Prevalence of wheat (A) and milk (B) sensitization in the randomly selected Australian population. 
 
Based on the IgE cut-off of 60 response unit (0.1kU/L) (Phadia, Sweden), 14.1% (162 individuals) and 8.4% (96 
individuals) of the population showed raised IgE antibody levels against wheat and milk respectively (Fig. 3) 
based on the.  From the 14.1% raised IgE levels against wheat antigen, 2.6% (n = 30) are considered to be wheat 
allergic class 1 (IgE: 0.35 - 0.70 kU/L), 2.3% (n = 27) in class 2 (IgE: 0.71 - 3.50 kU/L) and 1.0% (n = 11) in 
class 3 (IgE: 3.51 - 17.50 kU/L).  The remaining 8.2% (n = 94) with IgE between 0.1 - 0.35 kU/L maybe consid-
ered as low level and have the possibility of developing sensitisation to wheat later in life. 
For milk we found  0.9% (n = 10) are class 1, 1.4% (n = 16) are class 2 (IgE: 0.71 - 3.50 kU/L) and 0.1% (n = 1) 
are class 3; while 6.0% (n = 69) have IgE levels between 0.1 - 0.35 kU/L.  The prevalence of milk allergy based 
on serum IgE assessment ranges from 2% to 9% in European countries (Rona et al., 2007).  In Australia, based 
on the GOS cohort, we found that 2.4% of the randomly selected population are sensitized to milk IgE (cut-off 
0.35kU/L), while the remaining 6.0% with raised IgE (>0.1kU/L) have the possibility of developing sensitization 
later on in life. 
In order to relate the increased IgE immuno-reactivity to allergen symptoms, a set of questionnaires was estab-
lished and sent to the blood donors; 974 individuals responded.  Based on the questionnaires for conditions asso-
ciated with food types and the intensity ranging from none to strong severity, 15.3% (n = 149) reported symp-
toms caused by wheat consumption and 11.7% (n = 114) experienced symptoms with milk (Fig. 4) 
Fig 4: Reported symptoms caused by wheat (A) and milk (B) consumption. 
 
Results from RAST IgE and questionnaires were superimposed to correlate the prevalence of raised IgE against wheat 
antigen and symptoms associated with consumption of wheat (Fig. 5).  From the 974 responses, 15.3% (n = 149) have 
raised IgE > 0.1kU/L, while 84.7% (n = 825) have IgE < 0.1kU/L.  From the 15.3% with raised IgE, only 2.5% (n = 24) 
have reported symptoms, while 12.8% (n = 125) have no symptoms associated with consumption of wheat-based prod-
ucts.  On the other hand, 12.9% (n = 126) of the low IgE levels (IgE < 0.1kU/L) reported symptoms associated with in-
gestion of wheat, while 71.8% (n = 699) have no reactions. 
Fig 5: Correlation between raised IgE against wheat antigen and symptoms associated with consumption of wheat. 
 
This shows that in Australia, the prevalence of wheat sensitivity in a randomly selected population is 2.5%, where both 
positive IgE immune response and symptoms against wheat were observed (Fig. 6).  For comparison in European coun-
tries the IgE sensitization to wheat is 2.9% (Zuidmeer et al., 2008).  We postulate that the remaining 12.8% (n = 125) of 
individuals who showed raised IgE antibody levels without symptoms may have a latent wheat sensitivity with the po-
tential of developing symptoms sooner or later.  The large proportion (12.9%) of the investigated population who have 
symptoms associated with consumption of wheat products but did not demonstrate raised IgE may suffer from other 
wheat related disorders (i.e. not IgE mediated) such as coeliac disease, non coeliac reaction to gluten or reaction to fruc-
tans for those with Irritable Bowel Syndrome (IBS). 
Fig 6: Prevalence of wheat sensitivity in a randomly selected Australian population. 
 
CONCLUSION 
Australia currently has a population of 23 million people. From the survey we have completed in this study we can pre-
dict that approximately 2.95 million (15.4%) of the population are or may be affected by ingestion of wheat based food 
products. This includes 575,000 (2.5%) who have an allergy to wheat while the remainder may have problems with other 
wheat related diseases (see above).  In addition a further 2.9 million have slightly raised IgE, some of whom may devel-
op allergy to wheat in the future.  Clearly this represents a major challenge for the Australian food industry in order to 
satisfy the dietary requirements of consumers both now and in the future. 
 
REFERENCES 
1.Johansson, S. G. O., 2004. ImmunoCAP specific Immunoglobulin E test: A tool for research and allergy diagnostic.  
Experimental Review of Molecular Diagnostics 4 (3). 
2.Pasco J. A., Nicholson G. C., Kotowicz M. A., 2012.  Cohort profile: Geelong osteoporosis study.  International Jour-
nal of Epidemiology 41, 1565-1575. 
3.Rona R. J., Keil T., Summers C., Gislason D., Zuidmeer L., Sodergren E., Sigurdardotti S. T., Lindner T., Goldhahn K., 
Dahlstrom J., McBride D., Madsen C., 2007.  The Prevalence of food allergy: A meta-analysis.  Journal of Allergy and 
Clinical Immunology 120 (3), 638-646. 
4.Sapone A, Bai J. C., Ciacci D., Dolinsek J., Green P. H. R., Hadjivassiliou M., Kaukinen K., Rostami K., Sanders D. 
S., Schumann M., Ulrich R., Villalta D., Volta U., Catissi C., Fasano A., 2012.  Spectrum of gluten-related disorders: 
consensus on new nomenclature and classification.  BMC Medicine 10 (13), 10-13. 
5.Zuidmeer L., Goldhahn K., Rona R. J., Gislason D., Madsen C., Summers C., Sodergren E., Dahlstrom J., Lindner T., 
Sigurdardotti S. T., McBride D., Keil T., 2008.  The Prevalence of plant food allergies: A systemic review. Journal of 
Allergy and Clinical Immunology 121 (5), 1210-1218. 
 
ACKNOWLEDGEMENTS 
This project was funded by George Weston Foods Limited, NSW, Australia.  We would like to thank Barwon Health and 
all the Geelong Osteoporosis Study patients, Victoria, Australia and Plant Breeding Institute, Cobbitty, NSW, Australia 
for their assistance and support. 
(A) (B) 
(A) (B) 
COMPARISON OF IMMUNO-REACTIVITY IN WHEAT AND SPELT 
N. T. Vu1, J. Chin1,2, J. A. Pasco3, L. W. Wing4, F. Békés5, D. A. I. Suter5 and R. Appels6 
 
1Faculty of Agriculture and Environment, University of Sydney, Eveleigh NSW 2015; 2Xion Biotechnology, P.O. Box 3780, Rhodes, NSW 2138, Australia; 3School of Medicine, Deakin University, Geelong, VIC 3220, Australia; 4Bondi Junction, NSW 2022, 
Australia; 5George Weston Foods P/L, North Ryde, NSW 2113, Australia; 6Centre for Comparative Genomics, Murdoch University, WA 6150, Australia 
INTRODUCTION 
Wheat is one of the most important cereal crops and serves as the staple food for more than one third of the 
world’s population.  In the past decades the prevalence of sensitivity to wheat among children and adults has in-
creased, presenting a major health problem in many countries (Burney et al., 2010).  People who are sensitive to 
wheat-based products have been reported to be more tolerant to spelt wheat, however, the underlying mecha-
nisms are still obscure.  A comparative study to investigate the immuno-reactivity of human IgE against wheat 
and spelt antigens was carried out using the blood sera from the Geelong Osteoporosis Study (GOS) participants 
(Pasco et al., 2012) who have previously been identified with raised IgE antibodies against wheat. 
 
MATERIALS & METHODS 
A subset of individuals (n=73) with positive reactivity against wheat (f4) 
from the GOS cohort were selected and further analysed for IgE against 
spelt antigen (f124) using the ImmunoCAP 100 (Phadia, Sweden).  6 in-
dividuals with low sensitivity to wheat (3 low in milk, 3 high in milk) 
were also selected as negative controls.   
An homologous assay (Fig. 1) was also developed using Australian 
wheat and spelt variety, GWF spelt, as antigens to compare the immune-
responses against commercially prepared antigens with in-house anti-
gens.  The analysis of the Australian derived antigens was optimized by 
coupling the soluble antigens with streptavidin beads and assayed using 
the Phadia ImmunoCAP 100 machine. 
Fig 1: Measurement of IgE antibody to purified allergens using streptavidin CAP (adapted from Erwin et al., 2005). 
 
RESULTS AND DISCUSSION 
Individuals (n =73) with cut off RAST IgE>60 response unit (equivalent 0.1kU/L) against wheat antigen (f4) 
were further analysed for IgE against spelt antigen (f124) and 6 individuals with IgE<60 were selected as nega-
tive controls. 
Fig 2: IgE response against wheat and spelt antigens (A).  Differences in IgE response between wheat and spelt (B). 
 
Each of the 73 sera in this selected group showed higher immune-response to wheat than the cut off value of 60, 
while only 64 individuals have IgE>60 against spelt antigen (Fig. 2A).  49% (n = 39) of the individuals sera 
showed greater IgE response against wheat than spelt (Fig. 2B), where 39% (n = 31) of these individuals sera 
have IgE>60 against spelt.  In contrast, 29% (n = 23) are more responsive to spelt than wheat; and 22% (n = 17; 
where 6 are negative controls and 11 sera have IgE>60) have similar response against both antigens.   
 
Since the commercial wheat and spelt antigens originated from Europe, a variety of wheat and spelt (GWF spelt) 
from Australia have been selected to examine the differences from an Australian consumer perspective.  The 
comparison between commercial antigens and coupled soluble proteins from the Australian wheat and GWF 
Spelt showed good correlations where r2 = 0.92 for wheat (Fig. 3A) and r2=0.88 for spelt (Fig. 3B) respectively, 
allowing conversion of the data derived using the coupled streptavidin caps to those using commercial caps. 
Fig 3: Correlation between Phadia antigens and in-house Streptavidin antigens against wheat (A) and spelt (B). 
 
Using these relationships we have normalised the streptavidin coupled antigen data (GWF spelt) to compare with 
the commercial Phadia wheat (f4) antigens (clinical benchmark).  The IgE response against wheat (f4) was found 
to be significantly higher (95% of the sera) than GWF spelt, and only 52% of these individuals have IgE>60 
against GWF spelt  (Fig. 4).  This suggests GWF spelt elicits a significantly lower immune-response compared 
with the Phadia commercial spelt antigen (Fig. 2B), where 63% of sera had IgE>60 against GWF spelt as com-
pared to 88% against the Phadia spelt antigen.  Only four individuals showed higher IgE response against the 
GWF spelt than wheat and they are at a much lower intensity. 
Fig 4: Differences in IgE response between wheat (f4) and GWF spelt in the selected group of individuals. 
In contrast to coeliac disease (an autoimmune disease) – where the toxic epitopes occur only in the prolamins (mostly in 
the gliadins but also in the HMW and LMW glutenin subunits), the epitopes responsible for allergenicity can be found 
both in the wheat prolamins and soluble proteins (Juhász et al, 2012).  Proteomic comparison of the four protein classes 
composition (soluble proteins - albumins and globulins, gliadins, HMW and LMW glutenin subunits) of wheat and 
closely related species (n = 196), showed no significant differences in the prolamin proteomes of wheat and spelt (data 
not shown), while differences have been observed in the soluble protein composition (Fig. 5A and 5B). 
Fig 5: Dendrogram displaying relationships between wheat varieties and their related species based on soluble protein poly-
morphisms (A).  3-dimensional display of relationships between wheat varieties and their related species based on principal 
component analysis (B).  Protein model of the expansin gene located within the chromosome 3BS ctg11 region (C). 
 
The GWF spelt can be seen detached from other spelt varieties, indicating significant differences in the albumin and 
globulin protein composition when compared to the rest of the population (Fig. 5B). One of these differences has been 
identified by comparing the structure of genes coding the allergenic expansin proteins in different wheat and spelt 
germplasms.  The expansin from GWF spelt has an insertion of three amino acid in the primary sequence (Fig. 5C) and 
subsequently altering the conformation of the entire protein (Breen et al, 2010). This alteration in the soluble protein 
composition could be one of the reasons for the significantly lower immuno-reactivity of GWF spelt. 
 
CONCLUSION   
The benefits of substituting spelt for bread wheat in the diet of consumers who are wheat intolerant has been reported 
both by health professionals as well consumers.  However clear scientific evidence for this observed benefit is lacking. 
The results from our study demonstrate that spelt, and particularly Australian GWF spelt, is significantly less immuno-
reactive when compared to bread wheat for those individuals with raised IgE reactivity to wheat.  We have also shown 
that GWF spelt has a mutation in the allergen binding site of expansin, a protein which has been shown to be a key aller-
gen for those with wheat allergy.  While these findings do provide some evidence to support the health benefits of spelt, 
only a clinical trial comparing the allergic symptoms and IgE levels caused by the consumption of wheat and spelt prod-
ucts, involving both those that eat predominantly wheat and those who have replaced spelt for wheat in their diet, can an-
swer the question as to whether our findings are associated with the lower allergenicity of spelt for those with wheat al-
lergy. 
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INTRODUCTION 
Wheat is one of the most important sources of nutrition and commodities for mankind and is 
the third largest produced cereal after maize and rice.  Sensitivity to cereal foods is an 
important and complex issue.  Reactions to ingested wheat products can involve either 
immune mediated or non-immune mediated pathways (Figure 1).  Immune mediated 
reactions can either be IgE mediated or non-IgE mediated, which results in wheat allergy and 
celiac disease respectively. Wheat intolerance, on the other hand, is caused by non-immune 
mediated reactions.  The majority of food allergies are based on self-reported reactions to 
consumption of food products.  Sensitization to food products based on serum IgE assessment 
can provide more meaningful data that can be used to complement clinical symptoms. 
 
Figure1. Adverse reaction to ingested wheat-based products (adapted from Sapone et al, 
2012). 
 
The prevalence of wheat sensitization in a population based on specific IgE has been 
investigated in many European countries (Rona et al., 2007), however, in Australia, a double 
blind challenge to determine sensitization to wheat by serum IgE has not been conducted.  In 
this study a cohort of human sera from a randomly selected Australian population (Pasco et 
al., 2012) was used to assess the IgE sensitization to wheat and milk antigens. 
MATERIALS AND METHODS 
Sera sample selection 
A large set of blood samples from randomly selected individuals (n = 1145) was obtained 
from the Geelong Osteoporosis Study (GOS), Geelong, Victoria.  Sera samples of the GOS 
age-stratified cohorts of men (n=1540 in 2001-2006) and women (n=1494 in 1994-1997 and 
n=221 in 2006-2008) that were randomly selected from the electoral rolls of the Barwon 
Statistical Division.  In 2009-2010, participants were invited to participate in this sub-study 
(Pasco et al., 2012).  From a group of 2075 potential participants, 1145 provided blood 
samples for the analyses of IgE against wheat and milk antigens.  All participants provided 
written consent and the study was approved by the Barwon Health Human Research Ethics 
Committee. 
 
Determination of IgE levels by Phadia ImmunoCAP 100 
The human sera were analysed by ELISA-based method using the ImmunoCAP 100 
instrument (Phadia, Sweden).  IgE from human sera were bound to the wheat (f4) and milk 
(f2) allergens that had been previously coated on the ImmunoCAPs.  Bound IgE were 
captured by the anti-IgE conjugate and the conjugate enzyme reacts with the flourogenic 
substrate to form a fluorescent product (Johansson, 2004).  Reactivity was detected as 
response units and IgE concentration (kU/L) was calculated from the standard curve. 
 
Survey for symptoms associated with food consumption 
Food allergy questionnaires were provided by Barwon Health (Victoria, Australia) to the 
GOS participants and statistical analyses were conducted to establish relationships between 
individuals with clinical symptoms and immune-responses. 
 
RESULTS AND DISCUSSION 
IgE responses against wheat (f4) and milk (f2) in the GOS cohort 
Based on the IgE cut-off of 60 response unit (equivalent to 0.1kU/L) (Phadia, Sweden), 
14.1% (162 individuals) and 8.4% (96 individuals) of the population showed raised IgE 
antibody levels against wheat and milk respectively (Table 1).  From the 14.1% raised IgE 
levels against wheat antigen, 2.6% (n = 30) are considered to be wheat allergic class 1 (IgE: 
0.35 - 0.70 kU/L), 2.3% (n = 27) in class 2 (IgE: 0.71 - 3.50 kU/L) and 1.0% (n = 11) in class 
3 (IgE: 3.51 - 17.50 kU/L).  The remaining 8.2% (n = 94) with IgE between 0.10 - 0.35 kU/L 
maybe considered as low level and have the possibility of developing sensitisation to wheat 
later in life. 
For milk we found 0.9% (n = 10) are class 1, 1.4% (n = 16) are class 2 (IgE: 0.71 - 3.50 
kU/L) and 0.1% (n = 1) are class 3; while 6.0% (n = 69) have IgE levels between 0.10 - 0.35 
kU/L.  The prevalence of milk allergy based on serum IgE assessment ranges from 2% to 9% 
in European countries (Rona et al., 2007).  In Australia, based on the GOS cohort, we found 
that 2.4% of the randomly selected population are sensitized to milk (IgE cut-off 0.35 kU/L), 
while the remaining 6.0% with raised IgE (> 0.10 kU/L) have the possibility of developing 
sensitization later on in life. 
 
 
Table 1. IgE responses against wheat (f4) and milk (f2) in the GOS cohort. 
Wheat (f4) Milk (f2) 
IgE>0.1 kU/L (60 RU) n = 162 (14.1%) IgE>0.1 kU/L (60 RU) n = 96 (8.4%) 
Allergic Class (kU/L) No. % Allergic Class (kU/L) No. % 
Class 0 (0.10 - 0.35) 94 8.2 Class 0 (0.10 - 0.35) 69 6.0 
Class 1 (0.35 - 0.70) 30 2.6 Class 1 (0.35 - 0.70) 10 0.9 
Class 2 (0.71 - 3.50) 27 2.3 Class 2 (0.71 - 3.50) 16 1.4 
Class 3 (3.50 - 17.50) 11 1.0 Class 3 (3.50 - 17.50) 1 0.1 
IgE<0.1 kU/L (60 RU) n = 983 (85.9%) IgE<0.1 kU/L (60 RU) n = 1049 (91.6%) 
 
Prevalence of wheat sensitivity in a randomly selected Australian population 
In order to relate the increased IgE immuno-reactivity to allergen symptoms, a set of 
questionnaires was established and sent to the blood donors; 974 individuals responded.  
Based on the questionnaires for conditions associated with food types and the intensity 
ranging from none to strong severity, 15.3% (n = 149) reported symptoms caused by wheat 
consumption and 11.7% (n = 114) experienced symptoms with milk (Figure 2A and 2B). 
Results from ImmunoCAP 100 IgE and questionnaires were superimposed to correlate the 
prevalence of raised IgE against wheat antigen and symptoms associated with consumption of 
wheat (Figure 2C).  From the 974 responses, 15.3% (n = 149) had raised IgE > 0.10 kU/L, 
while 84.7% (n = 825) had IgE < 0.10 kU/L.  From the 15.3% of raised IgE individuals, only 
2.5% (n = 24) had reported symptoms, while 12.8% (n = 125) had no symptoms associated 
with consumption of wheat-based products.  On the other hand, 12.9% (n = 126) of the low 
IgE levels (IgE < 0.10 kU/L) reported symptoms associated with ingestion of wheat, while 
71.8% (n = 699) had no reactions. 
 
Figure 2. Reported symptoms associated with consumption of wheat (A) and milk (B).  
Correlation between raised IgE against wheat antigen and symptoms associated with 
consumption of wheat (C).  Prevalence of wheat sensitivity in a randomly selected Australian 
population (D). 
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This shows that in Australia, the prevalence of wheat sensitivity in a randomly selected 
population is 2.5% where both positive IgE immune response and symptoms against wheat 
were observed (Figure 2D).  These results are in full agreement with similar investigations on 
wheat where the prevalence of wheat IgE sensitization in European countries is 2.9% 
(Zuidmeer et al., 2008) or in general, dealing with food allergy (Siles and Hsieh, 2011). 
Specific IgE levels higher than the cut off value (0.10 kU/L or 60 RU) suggests sensitization 
but are not synonymous with clinical symptoms.  These tests can confirm the diagnosis of an 
allergic disorder, supplementing a clinical history consistent with an allergic reaction. 
We postulate that the remaining 12.8% (n = 125) of individuals who showed raised IgE 
antibody levels without symptoms may have a latent wheat sensitivity with the potential of 
developing symptoms in the future.  The large proportion (12.9%) of the investigated 
population who have symptoms associated with consumption of wheat products but did not 
demonstrate raised IgE may suffer from other wheat related disorders (i.e. not IgE mediated) 
such as coeliac disease, non coeliac reaction to gluten or reaction to fructans (FODMAPS) for 
those with Irritable Bowel Syndrome (IBS). 
 
CONCLUSION 
Australia currently has an estimated population of 23 million people. From the survey we 
have completed in this study we can predict that approximately 2.95 million (15.4%) of the 
population are or may be affected by ingestion of wheat based food products. This includes 
575,000 (2.5%) who have an allergy to wheat while the remainder may have problems with 
other wheat related diseases (see above).  In addition a further 2.9 million have slightly raised 
IgE, some of whom may develop allergy to wheat in later life.  Clearly this represents a major 
challenge for the Australian food industry in order to satisfy the dietary requirements of 
consumers both now and in the future. 
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INTRODUCTION 
Wheat is one of the most important cereal crops and serves as the staple food for more than 
one third of the world’s population.  In the past decades the prevalence of sensitivity to wheat 
among children and adults has increased, presenting a major health problem in many 
countries (Burney et al., 2010).  People who are sensitive to wheat-based products have been 
reported to be more tolerant to spelt, however, the underlying mechanisms are still obscure.  
A comparative study to investigate the immuno-reactivity of human IgE against wheat and 
spelt antigens was carried out using the blood sera from the Geelong Osteoporosis Study 
(GOS) participants (Pasco et al., 2012) who have previously been identified with raised IgE 
antibodies against wheat. 
 
MATERIALS AND METHODS 
Sera sample selection 
A subset of individuals (n=73) with positive reactivity against wheat (f4) from the GOS 
cohort (Pasco et al., 2012) were selected and further analysed for IgE against spelt antigen 
(f124) using the ImmunoCAP 100 (Phadia, Sweden).  6 individuals with low sensitivity to 
wheat (3 low in milk, 3 high in milk) were also selected as negative controls.   
 
Determination of IgE levels by Phadia ImmunoCAP 100 
The human sera were analysed by ELISA-based method using the ImmunoCAP 100 
instrument (Phadia, Sweden).  IgE from human sera were bound to the wheat (f4) and spelt 
(f124) allergens that have been previously coated on the ImmunoCAPs.  Bound IgE were 
captured by the anti-IgE conjugate and the conjugate enzyme reacts with the flourogenic 
substrate to form a fluorescent product (Gunnar & Johansson, 2004).  Reactivity was detected 
as response units and IgE concentration (kU/L) was calculated from the standard curve. 
A homologous assay was also developed (by adapting the method of Erwin et al., 2005) in 
order to compare the reaction of the above subset of 73 individuals (having raised IgE to 
wheat) against in house prepared antigens from Australian wheat and spelt (GWF spelt).  The 
analysis of the Australian derived antigens was optimized by coupling the soluble antigens 
with streptavidin beads and assayed using the Phadia ImmunoCAP 100 machine. 
 
Coupling of wheat and spelt antigens to streptavidin caps 
Grains of wheat and spelt were extracted according to a modified method of the Osborne 
protocol (Scholz et al., 2000) and the concentration of water soluble proteins was determined 
using a bicinchoninic acid (BCA) protein assay kit (Pierce).  Purified antigens were 
biotinylated according to the Pierce EZ-Link
®
 Biotinylation Kit (Thermo Fisher).  The 
biotinylated antigens wee then added to the pre-washed streptavidin caps (o212) and analysed 
for IgE using the ImmunoCAP 100 (Phadia, Sweden). 
 
RESULTS AND DISCUSSION 
Individuals (n =73) with cut off IgE > 60 response unit (RU) (equivalent 0.10 kU/L) against 
wheat antigen (f4) were further analysed for IgE against spelt antigen (f124) and 6 
individuals with IgE < 60 RU were selected as negative controls. 
Each of the 73 sera in this selected group showed higher immune-response to wheat than the 
cut off value of 60, while only 64 sera had IgE > 60 RU against spelt antigen (Figure 1A).  
49% (n = 39) of the sera showed greater IgE response against wheat than spelt (Figure 1B), 
where 39% (n = 31) of these sera had IgE > 60 RU against spelt.  In contrast, 29% (n = 23) 
are more responsive to spelt than wheat; and 22% (n = 17; where 6 are negative controls and 
11 sera have IgE > 60 RU) had a similar response against both antigens.   
 
Figure 1. IgE response against wheat (f4) and spelt (f124) antigens (A).  Differences in IgE 
response between wheat and spelt (B). 
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Since the commercial wheat and spelt antigens originated from Europe, a variety of wheat 
and spelt (GWF spelt) from Australia was selected to examine the differences from an 
Australian consumer perspective.  The comparison between commercial antigens and coupled 
soluble proteins from the Australian wheat and GWF Spelt showed good correlations where 
r
2
 = 0.92 for wheat and r
2
=0.88 for spelt respectively, allowing conversion of the data derived 
using the coupled streptavidin antigens to those using commercial antigens. 
Using these relationships we have normalised the streptavidin coupled antigen data (GWF 
spelt) to compare with the commercial Phadia wheat (f4) antigens (clinical benchmark).  The 
IgE response against wheat (f4) was found to be significantly higher (95% of the sera; n = 75) 
than GWF spelt, and only 41 of these individuals (55%) have IgE > 60 RU against GWF 
spelt (Figure 2).  Four individuals showed higher IgE response against the GWF spelt than 
wheat but they are at a much lower intensity as compared to the Phadia antigens.  This 
suggests GWF spelt elicits a significantly lower immune-response (62% of sera had IgE > 60 
RU) as compared with the Phadia commercial spelt antigen (89% of sera had IgE > 60 RU).   
 
Figure 2. Differences in IgE response between wheat (f4) and GWF spelt in the selected 
group of individuals. 
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In contrast to coeliac disease (an autoimmune disease) – where the toxic epitopes occur only 
in the prolamins (mostly in the gliadins but also in the HMW and LMW glutenin subunits), 
the epitopes responsible for allergenicity can be found both in the wheat prolamins and 
soluble proteins (Juhász et al, 2012).  Proteomic comparison of the four protein classes 
composition (soluble proteins - albumins and globulins, gliadins, HMW and LMW glutenin 
subunits) of wheat and closely related species (n = 196), showed no significant differences in 
the prolamin proteomes of wheat and spelt (data not shown), while differences have been 
observed in the soluble protein composition.  The GWF spelt can be seen detached from other 
spelt varieties, indicating significant differences in the albumin and globulin protein 
composition when compared to the rest of the population (Figure 3). 
One of these differences has been identified by comparing the structure of genes coding the 
allergenic expansin proteins in different wheat and spelt germplasms.  The expansin from 
GWF spelt has an insertion of three amino acids in the primary sequence and subsequently 
altering the conformation of the entire protein (Breen et al, 2010). This alteration in the 
soluble protein composition could be one of the reasons for the significantly lower immuno-
reactivity of GWF spelt. 
 
Figure 3. 3-dimensional display of relationships between wheat varieties and their related 
species based on principal component analysis (BioNumerics, Applied Maths version 6, 
Belgium). 
GWF spelt
Wheat
 
CONCLUSION   
The benefits of substituting spelt for bread wheat in the diet of consumers who are wheat 
intolerant has been reported both by health professionals as well consumers.  However, clear 
scientific evidence for this observed benefit is lacking. The results from our study 
demonstrate that spelt, and particularly Australian GWF spelt, is significantly less immuno-
reactive when compared to bread wheat for those individuals with raised IgE reactivity to 
wheat.  We have also shown that GWF spelt has a mutation in the allergen binding site of 
expansin, a protein which has been shown to be a key allergen for those with wheat allergy.  
While these findings do provide some evidence to support the health benefits of spelt, only a 
clinical trial comparing the allergic symptoms and IgE levels caused by the consumption of 
wheat and spelt products, involving both those that eat predominantly wheat and those who 
have replaced spelt for wheat in their diet, can answer the question as to whether our findings 
are associated with the apparent lower allergenicity of spelt for those with wheat allergy. 
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ABSTRACT 
To determine the prevalence of wheat sensitivity in a randomly selected Australian 
population, a study was carried out on sera samples of the Geelong Osteoporosis Study 
(GOS) age-stratified cohorts of men and women who were randomly selected from electoral 
rolls for the Barwon Statistical Division (n=1145).  The human sera were analysed by 
ELISA-based method using the ImmunoCAP 100 instrument (Phadia, Sweden).  IgE from 
human sera were bound to the wheat (f4) and milk (f2) allergens that have been previously 
coated on the ImmunoCAPs.  The number of IgE wheat and milk RAST positive individuals 
was determined.  In order to relate the increased IgE immuno-reactivity to allergen 
symptoms, a questionnaire was established and sent to the blood donors and 974 individuals 
responded.  Of these (n=974) 147 individuals (15.1%) reported symptoms caused by wheat 
consumption, 179 (15.6%) and 112 (9.8%) sera showed RAST positive results (IgE > 60 
response units) in wheat and milk RAST tests, respectively.  However only 2.5% of those 
participants with symptoms related to wheat had positive IgE values indicating that the 
relationship is complex:  a large proportion (12.7%) of the investigated population might 
suffer from other wheat related disorders (i.e. not IgE mediated), such as celiac disease, non-
celiac reaction to gluten, reaction to fructans for those with irritable bowel syndrome as well 
as other factors.  For the 13.2% who showed raised IgE antibody levels without symptoms we 
postulate that these individuals have latent wheat sensitivity with the potential of developing 
symptoms sooner or later. 
A comparative study to investigate the immune reactivity of human IgE against wheat and 
spelt antigens was carried out using the sera of 73 patients found to be RAST positive for 
wheat.  Of these 63% (n=50) showed a higher IgE immune reactivity against wheat, while 
30% (n=24) showed higher IgE response against spelt antigens, the remaining 7% have 
indifferent responses against both antigens.  Since the provided Phadia wheat and spelt 
antigens used in this study originated from Europe, Australian wheat and spelt varieties were 
also used to prepare antigens in order to investigate the response of Australian sera to local 
wheats.  It was found that the immune reactivity of IgE wheat positive sera from a normal 
Australian population is lower for spelts compared to wheats regardless of their origin but 
much lower against an Australian spelt containing a mutation in its expansin gene.  A clinical 
feeding trial would be necessary to confirm if this difference in immune reactivity between 
spelt and wheat is consistent with a difference in allergenicity. 
INTRODUCTION 
There remains uncertainty regarding the prevalence of food allergy, particularly to fruits, 
vegetables, nuts, and other edible plants.  Although diagnostic studies have objectively 
verified allergic reactions caused by ingestion of plant food, the extent of the problem on the 
population level remains unclear for patients and their families, schools, the catering industry, 
food producers and retailers, health professionals, and policy makers (Zuidmeer et al, 2008). 
Consumption of “gluten”-containing food causes a significant disease for a minority group 
of people who consume foods derived from wheat, rye, barley and oats.  Commercial activity 
related to “gluten toxicity” and “wheat allergy” is largely focused upon “gluten-free” food. 
The fact is however, that in several types of diseases related to the consumption of “gluten”-
containing cereals, the trigger compounds are not components of the gluten.  There is a lack 
of related knowledge about the causes of different symptoms or diseases and about the terms 
“gluten”, “prolamins”, “gliadin”, “glutenin” not only in the minds of the consumer but also in 
medical practice (Islam et al, 2011). 
The spectrum of “gluten”-related disorders can be divided into three main groups: 
autoimmune, allergic and not autoimmune- allergic disorders (Sapone et al., 2012) (Figure 1). 
Two of these disorder types, the autoimmune and the allergic disorders are relatively well 
described, however further studies are needed to reveal mechanisms related to the diverse 
symptoms of allergic reactions.  The autoimmune disorders include celiac disease (Anderson 
and Wieser, 2006) gluten athaxia and dermatitis herpetiformis (Laurièrre et al, 2006).  The 
allergic reactions involve respiratory allergy (Amano, et al, 1998), food allergy (Mills et al, 
2004), wheat-dependent exercise induced anaphylaxis (Armentia, et al, 1990) and contact 
urticaria.  Symptoms of celiac disease are triggered by an abnormal response of auto-
antibodies, such as antibodies to tissue–transglutaminase, or antibodies against proline- and 
glutamine rich wheat gluten proteins or their barley and rye homologs (Green and Cellier 
2007).  Celiac disease shows strong association with HLA–DQ alleles and carriage of certain 
HLA-DQ molecules is the most important genetic factor to develop detrimental symptoms 
(Sollid et al., 2012).  HLA-DQ heterodimers function as surface type receptor proteins bound 
to the surface of the antigen presenting cells.  The presence of HLA-DQ molecules such as 
DQ 2.5, DQ8, DQ2.2 is known as a clear marker for developing autoimmune symptoms, with 
modifying effects coming from genetic and environmental factors (Anderson et al, 2000). 
The different serotypes recognize different peptides. A set of criteria can be defined for the 
structure of an active CD epitope: a) the size of nine amino acids, b) the presence of a tissue 
transglutaminase 2 (tTG) enzyme binding site, c) surrounded by amino acids with defined 
charge and hydrophobicity (Sollid et al., 2012.).  Patients suffering from celiac disease 
produce a range of autoimmune responses to several alpha-gliadin, LMW glutenin and 
gamma-gliadin peptides in the consumed wheat products.  
The development of wheat allergies is mediated more directly by the recognition of 
allergens by specific IgE epitopes bound to mast cells (Catassi and Fasano, 2008).  
Depending on the route of the wheat allergen exposure, symptoms can be divided into 
symptoms of classic food-allergy; wheat-dependent exercise-induced anaphylaxis (WDEAI); 
occupational asthma and urticaria (Sapone et al., 2012).  Classic food allergy symptoms may 
affect to the skin, gastrointestinal or respiratory tract. While atopic dermatitis is mainly 
characteristic on children, WDEIA or urticaria were mostly identified in adults. Bakers’ 
asthma, one of the most prevalent respiratory allergies, is a significant symptom among 
adults working with wheat flour.  In wheat allergy, allergen presenting B-cells and T-cells has 
the same level of impact and, similar to other food allergies allergic reactions, are the result 
of special cross-links between specific immunoglobulin E and short peptides rich in 
glutamine and proline that result from the breakdown of wheat seed proteins by endogenous 
proteases (Sapone et al., 2012).  This interaction stimulates basophils and mast cells to 
release chemical mediators, such as histamines resulting in different categories of 
inflammatory reactions.  The allergenic regions of protein recognized by the binding sites of 
IgE molecules are called IgE-binding epitopes. These epitopes can be classified into two 
categories, conformational and linear epitopes and both types are involved in the 
development of allergic reactions (Akagawa et al, 2007). 
 
Figure 1. Spectrum of gluten related disorders (based on Sapone et al 2012).  
The general public in most Western countries is now aware of cereal products that are 
“high GI” and contain “allergenic” gluten from frequent articles in the media as well as a 
number of popular books (Braly and Hogganm, 2002; Ford, 2008; Wangen, 2009; Davis, 
2011), promoting gluten-free diets, many without drawing attention to the importance of 
appropriate diagnosis or defining what gluten “intolerance” an individual may have. Such 
adverse publicity poses a significant threat to the grain industry. 
There is a considerable variation in the levels of wheat allergy reported in the literature.  In 
the past decade the prevalence of sensitivity to wheat among children and adult patients has 
been reported to have increased to levels of approximately 15%-20% of the human 
population, presenting a major health problem in industrial countries (Hischenhuber et al., 
2006). Celiac disease primarily affects the Caucasian population of countries where wheat, 
rye, and/or barley are important nutrients (Corazza et al., 1995).  Gluten sensitive disease is 
uncommon in Africa, as well as only rare cases were identified from Eastern and Southern 
Asia.  About 15-20 years ago, the reported cumulative incidence rate of celiac disease in 
Europe was widely different ranging between 1:400–1:12800 births; however, with the 
development of diagnostic tools the reported prevalence rates have reached the 1:100-1:300 
in the European countries (Greco et al., 1992, Anderson and Wieser, 2006).  
Clinical symptoms of wheat allergy are often similar to those of celiac disease (urticaria, 
atopic dermatitis, nausea, vomiting, diarrhea, rhinitis, anaphylaxis, etc.),  However, their 
pathogenic mechanisms are different, therefore their differentiation, diagnosis and treatment 
can be challenging.  The diagnosis of food allergy to wheat is often not well predicted by the 
increased level of serum specific IgE caused by wheat consumption (Ortolani and Pastorello 
et al., 2006).  The true prevalence of food allergy is difficult to establish; however, research 
indicates the incidence is increasing in the population.  The prevalence of wheat sensitization 
in a population based on specific IgE investigated in several European countries indicated 
slightly higher perception of allergic reaction than that of sensitization assessed by skin prick 
test (Rona et al., 2007).  
The growing number of wheat related food disorders draws attention to this serious health 
concern.  In addition to the obvious detrimental effects of health and daily diet, there are 
potentially long-term medical, psychological, and social effects. Correctly diagnosing wheat 
and gluten related disorders is often challenging, especially given the limitations of current 
diagnostic testing.  However, it is important to prevent children from unnecessary invasive 
treatments and potentially unhealthy dietary restrictions. Therefore research is needed to 
determine the precise prevalence of different wheat and gluten related disorders, to discover 
more accurate and less invasive procedures for identification of the mechanisms that lead to 
adverse reactions against wheat and related cereals and find suitable source materials with 
low or no allergenic effects. 
The two aims of this study were to determine of the prevalence of wheat sensitization in a 
large randomly selected Australian population for specific IgE and to compare the immune 
reactivity of wheat and a novel spelt line based on its soluble protein composition. 
 
MATERIALS AND METHODS 
Sera sample selection 
A large set of blood samples from randomly selected individuals (n = 1145) was obtained 
from the Geelong Osteoporosis Study (GOS), Geelong, Victoria, Australia.  Serum samples 
of the GOS age-stratified cohorts of men (n=1540 in 2001-2006) and women (n=1494 in 
1994-1997 and n=221 in 2006-2008) that were randomly selected from the electoral rolls of 
the Barwon Statistical Division.  In 2009-2010, participants were invited to participate in this 
sub-study (Pasco et al., 2012).  From a group of 2075 potential participants, 1145 provided 
blood samples for the analyses of IgE against wheat and milk antigens.  All participants 
provided written consent and the study was approved by the Barwon Health Human Research 
Ethics Committee, Australia. 
 
Determination of IgE levels by Phadia ImmunoCAP 100 
The human sera were analysed by ELISA-based method using the ImmunoCAP 100 
instrument (Phadia, Sweden).  IgE from human sera were bound to the wheat (f4) and milk 
(f2) allergens that have been previously coated on the ImmunoCAPs.  Bound IgE were 
captured by the anti-IgE conjugate and the conjugate enzyme reacts with the flourogenic 
substrate to form a fluorescent product (Johansson, 2004).  Reactivity was detected as 
response units and IgE concentration (kU/L) was calculated from the standard curve. 
A subset of individuals (n=73) with positive reactivity against wheat (f4) from the GOS 
cohort (Pasco et al., 2012) were selected and further analysed for IgE against spelt antigen 
(f124) using the ImmunoCAP 100 (Phadia, Sweden).  6 individuals with low sensitivity to 
wheat (3 low in milk, 3 high in milk) were also selected as negative controls. 
A similar assay was also developed (adapting the method of Erwin et al., 2005) in order to 
compare the reaction of the above subset of 73 individuals, having raised IgE to wheat, 
against in-house prepared antigens from Australian wheat and spelt (GWF spelt).  The 
analysis of the Australian derived antigens was optimized by coupling the soluble antigens 
with streptavidin beads and assayed using the Phadia ImmunoCAP 100 machine. 
 
Coupling of wheat and spelt antigens to streptavidin caps 
Grains of wheat cultivar Kukri and a spelt line (GWF spelt) with unusual soluble protein 
composition (Vu, 2014) were milled and soluble proteins were extracted according to the 
modified method of Osborne protocol (Scholz et al., 2000).  The concentrations of the water 
soluble proteins were determined by the bicinchoninic acid (BCA) protein assay kit (Pierce).  
Purified antigens were biotinylated according to the Pierce EZ-Link® Biotinylation Kit 
(Thermo Fisher).  The streptavidin caps have been pre-washed and the biotinylated antigens 
were added. 
 
Survey for symptoms associated with food consumption 
Food allergy questionnaires were provided by Barwon Health (Victoria, Australia) to the 
GOS participants and statistical analyses were conducted to establish relationships between 
individuals with clinical symptoms and immune-responses. The population has been divided 
into four subgroups: a) real positives where positive immune-responses corresponded with 
clinical symptoms, b) real negatives with no immune-response and no reported clinical 
symptoms, c) false positives where immune-response has been detected without clinical 
symptoms and d) false negatives no immune responses were found while clinical symptoms 
have been reported.  
 
RESULTS 
IgE responses against wheat (f4) and milk (f2) in the GOS cohort 
Based on the IgE cut-off of 60 response unit (equivalent to 0.1kU/L) (Phadia, Sweden), 
14.1% (162 individuals) and 8.4% (96 individuals) of the population showed raised IgE 
antibody levels against wheat and milk respectively (Table 1).  From the 14.1% raised IgE 
levels against wheat antigen, 2.6% (n = 30) are considered to be wheat allergic class 1 (IgE: 
0.35 - 0.70 kU/L), 2.3% (n = 27) in class 2 (IgE: 0.71 - 3.50 kU/L) and 1.0% (n = 11) in class 
3 (IgE: 3.51 - 17.50 kU/L).  The remaining 8.2% (n = 94) with IgE between 0.10 - 0.35 kU/L 
may be considered as low level and have the possibility of developing sensitisation to wheat 
later in life. 
For milk we found 0.9% (n = 10) are class 1, 1.4% (n = 16) are class 2 (IgE: 0.71 - 3.50 
kU/L) and 0.1% (n = 1) are class 3; while 6.0% (n = 69) have IgE levels between 0.10 - 0.35 
kU/L.  The prevalence of milk allergy based on serum IgE assessment ranges from 2% to 9% 
in European countries (Rona et al., 2007).  In Australia, based on the GOS cohort, we found 
that 2.4% of the randomly selected population are sensitized to milk (IgE cut-off 0.35 kU/L), 
while the remaining 6.0% with raised IgE (> 0.10 kU/L) have the possibility of developing 
sensitization later on in life. 
 
Table 1. IgE responses against wheat (f4) and milk (f2) in the GOS cohort. 
 
Wheat (f4) Milk (f2) 
IgE>0.1 kU/L (60 RU) n = 162 (14.1%) IgE>0.1 kU/L (60 RU) n = 96 (8.4%) 
Allergic Class (kU/L) No. % Allergic Class (kU/L) No. % 
Class 0 (0.10 - 0.35) 94 8.2 Class 0 (0.10 - 0.35) 69 6.0 
Class 1 (0.35 - 0.70) 30 2.6 Class 1 (0.35 - 0.70) 10 0.9 
Class 2 (0.71 - 3.50) 27 2.3 Class 2 (0.71 - 3.50) 16 1.4 
Class 3 (3.50 - 17.50) 11 1.0 Class 3 (3.50 - 17.50) 1 0.1 
IgE<0.1 kU/L (60 RU) n = 983 (85.9%) IgE<0.1 kU/L (60 RU) n = 1049 (91.6%) 
 
Prevalence of wheat sensitivity in a randomly selected Australian population 
In order to relate the increased IgE immune -reactivity to allergen symptoms, a set of 
questionnaires was established and sent to the blood donors; 974 individuals responded.  
Based on the questionnaires for conditions associated with food types and the intensity 
ranging from none to strong severity, 15.3% (n = 149) reported symptoms caused by wheat 
consumption and 11.7% (n = 114) experienced symptoms with milk (Table 2). 
Results from ImmunoCAP 100 IgE and questionnaires were superimposed to correlate the 
prevalence of raised IgE against wheat antigen and symptoms associated with consumption of 
wheat.  From the 974 responses, 15.3% (n = 149) have raised IgE > 0.10 kU/L, while 84.7% 
(n = 825) have IgE < 0.10 kU/L.  From the 15.3% of raised IgE individuals, only 2.5% (n = 
24) have reported symptoms, while 12.8% (n = 125) have no symptoms associated with 
consumption of wheat-based products.  On the other hand, 12.9% (n = 126) of the low IgE 
levels (IgE < 0.10 kU/L) reported symptoms associated with ingestion of wheat, while 71.8% 
(n = 699) have no reactions. 
 
Table 2 Prevalence of wheat and milk sensitivity in a randomly selected Australian population: 
Raised IgE against wheat and milk antigen and reported symptoms associated with consumption of 
wheat and milk. 
Symptoms 
YES NO 
N (%) N (%) N (%) 
Wheat 
n 976  (100.00) 149  (15.27) 825  (84.53) 
IgE>60 149  (  15.27)   24  (  2.46) 125  (12.81) 
IgE=<60 827  (  84.73) 126  (12.91) 699  (71.62) 
Milk 
n 974  (100 .00) 114  (11.70) 860  (88.30) 
IgE>60 164  (  16.40)   14  (   1.44) 122  (12.53) 
IgE=<60 824  (  84.60)   86  (   8.83) 738  (75.77) 
 
 
IgE responses against wheat (f4) and spelt (f124)  
Individuals (n =73) with cut off IgE > 60 response unit (RU) (equivalent 0.10 kU/L) 
against wheat antigen (f4) were further analysed for IgE against spelt antigen (f124) and 6 
individuals with IgE < 60 RU were selected as negative controls. 
Each of the 73 sera in this selected group showed higher immune-response to wheat than 
the cut off value of 60, while only 64 individuals have IgE > 60 RU against spelt antigen 
(Figure 2).  49% (n = 39) of the individuals sera showed greater IgE response against wheat 
than spelt, where 39% (n = 31) of these individuals sera have IgE > 60 RU against spelt.  In 
contrast, 29% (n = 23) are more responsive to spelt than wheat; and 22% (n = 17; where 6 are 
negative controls and 11 sera have IgE > 60 RU) have similar response against both antigens. 
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Figure 2. IgE response against wheat (f4) and spelt (f124) antigens. 
 
Immunoreactivity of GWF spelt 
Since the commercial wheat and spelt antigens used in the Phadia assay system  originated 
from Europe, a commercial bread wheat cultivar, Kukri and a spelt line (GWF spelt) with 
unusual soluble protein composition (Vu, 2014)   have been selected to examine the 
differences from an Australian consumer perspective and from the point of view of soluble 
protein composition.  The comparison between commercial antigens and coupled soluble 
proteins from the Australian wheat and GWF spelt showed good correlations where r
2
 = 0.92 
for wheat and r
2
=0.88 for spelt respectively, allowing conversion of the data derived using the 
coupled streptavidin antigens to those using commercial antigens. 
Using these relationships, the streptavidin coupled antigen data (GWF spelt) has been 
normalized to compare with the commercial Phadia wheat (f4) antigens (clinical benchmark).  
The IgE response against wheat (f4) was found to be significantly higher (95% of the sera; n 
= 75) than GWF spelt, and only 41 of these individuals (55%) have IgE > 60 RU against 
GWF spelt (Figure 3).  Four individuals showed higher IgE response against the GWF spelt 
than wheat but they are at a much lower intensity as compared to the Phadia antigens.  This 
suggests GWF spelt elicits a significantly lower immune-response compared with the Phadia 
commercial spelt antigen (Figure 2), where only 57% of sera had IgE > 60 RU against GWF 
spelt as compared to 82% against the Phadia spelt antigen.  
 DISCUSSION 
 Results shown in Table 2 indicate that in Australia the prevalence of wheat allergy in a 
randomly selected population is 2.5% where both positive IgE immune response and 
symptoms against wheat were observed.  These results are in full agreement with similar 
investigations on wheat where the prevalence of wheat IgE sensitization in European 
countries is 2.9% (Zuidmeer et al., 2008, Siles and Hsieh, 2013). Specific IgE levels higher 
than the cut off value (0.10 kU/L or 60 RU) suggests sensitization but are not necessarily 
predict clinical symptoms.  Such tests can confirm the diagnosis of an allergic disorder, 
supplementing a clinical history consistent with an allergic reaction. 
We postulate that the remaining 12.8% (n = 125) of individuals who showed raised IgE 
antibody levels without symptoms may have a latent wheat sensitivity with the potential of 
developing symptoms sooner or later.  The large proportion (12.9%) of the investigated 
population who have symptoms associated with consumption of wheat products but did not 
demonstrate raised IgE may suffer from other wheat related disorders (i.e. not IgE mediated) 
such as celiac disease, non-celiac reaction to gluten or reaction to fructans (FODMAPS) for 
those with irritable bowel syndrome. 
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Figure 4. Differences in IgE response between wheat (f4) and GWF spelt in the selected 
group of individuals. 
 
In contrast to celiac disease (an autoimmune disease) – where the toxic epitopes occur 
only in the prolamins (mostly in the gliadins but also in the HMW and LMW glutenin 
subunits), the epitopes responsible for allergenicity can be found both in the wheat prolamins 
and soluble proteins (Juhász et al, 2012).  
There has been anecdotic clinical evidence for a long time that a large proportion of non 
celiac patients suffering wheat related health disorders can tolerate products made from 
certain spelt varieties. Recently the first research paper with robust experimental and 
statistical results also demonstrated this important observation (Armentia, et al, 2012).  In our 
study GWF spelt was found to show significantly less immune reactivity than wheat and 
other spelts.  It was also found that the albumin-globulin protein composition of GWF spelt is 
significantly different from other wheat and wheat related species (Vu, 2014).  One of these 
differences has been identified by comparing the structure of genes coding the allergenic 
expansin proteins in different wheat and spelt germplasms.  The expansin from GWF spelt 
has an insertion of three amino acids in the primary sequence and subsequently altering the 
conformation of the entire protein (Breen et al, 2010).  This alteration in the soluble protein 
composition could be one of the reasons for the significantly lower immune reactivity of 
GWF spelt.  A PCR based procedure, based on the above mutation in the expansin gene have 
been developed (Suter and Békés,  unpublished results) for screening of any contamination in 
grain or flour by other cereal with the wild type expansin protein during possible use for 
quality assurance purposes. 
While these findings do provide some evidence to support the health benefits of this spelt 
line, only a clinical trial comparing the allergic symptoms and IgE levels caused by the 
consumption of wheat and GWF spelt products, involving both those that eat predominantly 
wheat and those who have replaced spelt for wheat in their diet, can answer the question as to 
whether our findings are associated with the apparent lower allergenicity of spelt for those 
with wheat allergy. 
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